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SUMMARY 

In order to recognize a vast variety of attackers, plants possess a plethora of sophisticated 

detection systems. Perception of microbe- or pathogen-associated molecular patterns 

(MAMPs or PAMPs) by the plant pattern recognition receptors (PRRs) leads to subsequent 

initiation of defense responses, a process collectively referred to as pattern-triggered immunity 

(PTI). PTI has been extensively studied in plant leaves, especially of the model organism 

Arabidopsis thaliana, whereas the mechanisms underlying PTI in roots so far attracted less 

attention. However, since a vast number of plant pests are soil-borne and attack roots in order 

to propagate and colonize whole plants, understanding the mechanisms underlying basic 

defense at the root level is of high interest for the development of new tools to combat root 

pathogens of crop plants.  

It has been demonstrated that recognition of flg22, the conserved epitope of the bacterial 

flagellin protein, leads to tissue-specific defense responses in roots. In order to investigate the 

cause for this tissue-specific induction of downstream responses, several approaches were 

employed during the course of this work. By studying the cellular localization of the PRR 

recognizing flg22, FLAGELLIN-SENSING 2 (FLS2), we were able to depict an expression 

map of FLS2 in wild-type Arabidopsis plants. Our study revealed that FLS2 was expressed in 

a highly tissue-specific manner in roots and shoots and that the FLS2 promoter activity was 

inducible upon environmental stimuli as well as during developmental processes, changing 

not only in intensity in expressing tissues but also in tissue-specificity. These results indicate 

an important role of the tissue-specific PRR localization in immunity mechanisms.  

In a parallel study, we expressed FLS2 under the control of several root tissue-specific 

promoters, which allowed us to analyze the competence of these tissues to detect flg22. 

Unexpectedly, all investigated root tissues were able to perceive externally applied flg22. In 

fact, PTI responses could be activated in intact roots as well as in dissected roots, suggesting 

that the peptide is able to penetrate through the different tissue layers. Remarkably, the 

expression level of the receptor was not the major parameter determining the magnitude of the 

immune response output. Thus, we postulated that perception of flg22 by certain tissues leads 

to stronger PTI responses potentially indicating why plants restrict immune receptor 

accumulation to tissue-specific locations possibly in order to balance the outcome of the 

defense activation.  
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Due to the fact that many developmental or immunity processes in plants depend on systemic 

communication between different plant organs and that beneficial root microbes are known to 

prime and enhance resistance in aerial plant tissues, we hypothesized that MAMP perception 

by roots might induce a signaling event from roots to shoots. In order to address the potential 

existence of such systemic alarm signals, various methods were implemented. However, we 

encountered several technical limitations mainly concerning elicitor diffusion. Therefore, we 

focused on the development of an improved application method for studying systemic root-

to-shoot signaling in Arabidopsis plants. Our system proved suitable to perform systemic 

signaling analysis and revealed that at the transcriptional level no systemically activated 

defense gene modifications were detectable in distal shoots of root-treated plants in our 

conditions.  

Like root pathogens, also viruses constitute a major threat in agro-economy and are 

responsible for immense crop losses. The basal defense response against viruses is thought to 

be mediated by RNA silencing, a process by which viral replication intermediates are cleaved 

and degraded by the plant silencing machinery through the recognition of virus-derived small 

RNAs. Intriguingly, a recent study conducted in our lab demonstrated a role of 

BRASSINOSTEROID INSENSITIVE1 (BRI1)-ASSOCIATED RECEPTOR KINASE 1 

(BAK1), a coreceptor of several PRRs involved in immunity and development, in antiviral 

defense. These results indicated that PTI may also contribute to antiviral resistance but the 

exact recognition process remained elusive. Because dsRNA produced during viral replication 

has been shown to act as a PAMP in animals, we decided to test whether dsRNA is perceived 

as a viral PAMP in planta as well. We found that natural as well as synthetic dsRNA is indeed 

perceived as a PAMP by Arabidopsis, leading to the activation of typical PTI responses. 

Remarkably, dsRNA application also promoted protection of Arabidopsis plants against viral 

infection.  

Taken together, this study provides new insights into the recognition mechanisms of bacteria- 

and virus-associated molecular patterns by different plant organs and contributes to elucidate 

the molecular defense strategy of plants against agriculturally important diseases. 
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 GENERAL INTRODUCTION 

Plants convert light energy, carbon dioxide and water into chemical energy fixed as sugar, 

thereby making carbon available for other organisms. While they are the primary producers in 

the food chain, plants are constantly attacked by a vast number of feeding enemies. 

Furthermore, as sessile organisms, plants are continuously exposed to ever-changing 

environmental conditions in nature. Nevertheless, only a small fraction of biotic attacks results 

in a successful infection and plants prevail in or even dominate most environments. Indeed, 

they are resistant to many foes due to the evolution of an efficient, multilayered defense system 

controlling constitutive and inducible responses (Thordal-Christensen, 2003; Jones and Dangl, 

2006; Howe and Jander, 2008). 

The first line of plant defense is composed of structural and physiological barriers such as a 

waxy cuticle covering the leaf surface, thorns, trichomes, as well as a robust cell wall. The 

numerous structural polymers forming the cell wall, such as lignin, cellulose or suberin 

provide the plant with an extremely efficient barrier, which prevents microbes from entering 

host tissues (Thordal-Christensen, 2003). In addition to these mechanical barriers, plants 

possess a chemical defense shield supplied by the constitutive or inducible production of 

repellent molecules or antimicrobial compounds. The secretion of these potentially harmful 

secondary metabolites deters most organisms from attacking the plant (Thordal-Christensen, 

2003). Occasionally, some microbes are able to overcome these primary obstacles and 

colonize the plant tissues. In such cases, they have to face a highly sophisticated plant immune 

system. Plants specifically recognize molecules derived from the invading organism or from 

already attacked plant cells leading to a set of immediate and long-term local and systemic 

defense responses (Boller and Felix, 2009; Dangl et al., 2013). 

In the following chapter, I will describe the initiation and integration of defense signaling 

pathways against biotic invaders and discuss the most important mechanisms and paradigms 

of these signaling systems. Subsequently, I will focus on the knowledge about plant roots and 

their immunity because defense responses induced in roots, within the scope of the basal 

resistance against soil-borne pathogens, are poorly known compared to the shoot’s immune 

responses (Okubara and Paulitz, 2005). As roots are the organs the most subjected to microbial 

interactions, understanding the molecular mechanisms underlying root immunity is crucial.  
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1.1 Plant innate immunity 

1.1.1 Pattern-triggered immunity 

Plants lack the somatic adaptive immunity mechanisms of vertebrates, involving mobile 

circulating defender cells like macrophages specialized in enemy recognition and destruction. 

Thus, they rely solely on innate immune responses. Each plant cell is individually able to 

detect putative “danger”, initiate signaling cascades to induce defense responses and alert other 

plant cells or tissues of the imminent attack (Schilmiller and Howe, 2005; Jones and Dangl, 

2006). Figure 1.1 provides an overview of the cellular components involved in plant immunity. 

Potential pathogens can be detected by membrane-bound receptors, so-called pattern 

recognition receptors (PRRs), which recognize essential patterns exposed by the invading 

organism, called microbe-associated molecular patterns (MAMPs) or pathogen-associated 

molecular patterns (PAMPs) (Medzhitov and Janeway, 2000; Boller and Felix, 2009). Plant 

PRRs share remarkable similarities with mammalian TOLL-LIKE RECEPTORS (TLR), 

recognizing pathogens at the cell surface (Medzhitov, 2001; Hopkins and Sriskandan, 2005). 

In addition, plant PRRs can detect endogenous self-modified molecules, the damage-

associated molecular patterns (DAMPs) (Newman et al., 2013). PRR activation upon MAMP 

or DAMP perception subsequently initiates downstream signaling and basal defense responses 

leading to non-host resistance (Zipfel et al., 2004; Boller and Felix, 2009). This first level of 

immunity is referred to as pattern-triggered immunity (PTI) (Ausubel, 2005; Jones and Dangl, 

2006).  
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Fig. 1.1 Overview of danger perception by a plant cell. Perception of extracellular microbe-associated 

molecular patterns (MAMPs) and damage-associated molecular patterns (DAMPs) through pattern recognition 

receptors (PRRs) alerts cells to dangers. In the course of coevolution, pathogens gained effectors as virulence 

factors to inhibit MAMP signaling. In turn, plants evolved new immune receptors, called resistance (R) proteins 

in order to perceive effectors and reestablish immunity. A partially conserved panel of defense responses is 

induced upon perception of MAMPs, DAMPs and effectors by PRRs and R proteins, respectively. RLK, receptor-

like kinase; RLP, receptor-like protein; NB-LRR, nucleotide binding-site-leucine-rich repeat. Adapted from 

Boller and Felix (2009). 

 

1.1.2 Effector-triggered susceptibility 

Although PTI is in general very efficient, successful pathogens have evolved strategies to 

overcome this defense system by injecting virulence effectors across the plant cell wall, which 

inhibit specific steps of PRR signaling (Fig. 1.1). This way, the effector activity contributes to 

plant pathogenesis, in a process known as effector-triggered susceptibility (ETS) (Jones and 

Dangl, 2006; Boller and He, 2009; Dodds and Rathjen, 2010). For example, the plant 

pathogenic strain Pseudomonas syringae pv tomato (Pto) DC3000 uses the type III secretion 

system, which is widely spread in pathogenic bacteria, to introduce effectors into the host’s 
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cytoplasm (Abramovitch et al., 2006; Cunnac et al., 2009). In general, a virulent bacterium 

delivers about 15-30 type III effectors, some of which can promote pathogen virulence by 

directly counteracting PTI. This is the case for the AvrPto and AvrPtoB effectors from 

Pseudomonas, which directly interact with PRRs involved in MAMP detection to inhibit the 

initiation of downstream signaling processes (Göhre et al., 2008; Shan et al., 2008). Other 

effectors do not directly target PTI signaling or MAMP recognition. For instance, HopU1 

interferes with some RNA-binding proteins to directly activate transcriptional reprogramming 

in host cells and improve microbial survival (Fu et al., 2007) whereas other effectors have 

been shown to target the hormonal integration of defense responses (da Cunha et al., 2007). 

Effectors are also present in fungi and can be trans-located into plant cells through the 

haustorial interface where they interfere with the host’s immune system (Panstruga and Dodds, 

2009).  

In the case of viruses, these intracellular pathogens use the host translation machinery to 

produce their effectors. The only known viral effectors today act as suppressors of RNA 

silencing, the primary defense response against viruses (Zvereva and Pooggin, 2012). Viral 

silencing suppressor proteins are distinct among members of the different viral families, which 

indicates their independent evolution (Chapman et al., 2004; Pumplin and Voinnet, 2013). 

Since a viral PAMP has not yet been identified, it is unclear whether viral effectors also target 

the classic PTI signaling pathways. However, there is growing evidence that viruses have 

evolved effectors, which function to suppress innate immune responses and RNA silencing 

(Zvereva and Pooggin, 2012; Kørner et al., 2013).  

 

1.1.3 Effector-triggered immunity 

During evolution, plants have evolved strategies to counteract the activity of effectors. This 

adaptation is referred to as effector-triggered immunity (ETI), a second layer of defense 

formerly known as “gene-for gene” resistance (Flor, 1971). Plants are able to either recognize 

the presence of effectors by direct binding or indirectly by detecting their activity in the host 

cells (Boller and He, 2009). For this recognition step, they use another type of immune 

receptors called resistance R proteins, which are intracellular nucleotide binding leucine-rich 

repeat (NB-LRR) proteins (Jones and Dangl, 2006) having striking similarities with animal 

proteins also involved in immunity (Inohara and Nuñez, 2003; Rairdan and Moffett, 2007; 

Fig. 1.1).  
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Upon effector recognition, R proteins get activated and mediate usually very strong defense 

responses. Although some of the downstream ETI events partially overlap with PTI responses, 

the stronger ETI responses are frequently accompanied by a hypersensitive response (HR) 

(Boller and Felix, 2009). HR is characterized by cell death development in the infested and 

surrounding tissues and is rarely observed in response to MAMPs (Greenberg and Yao, 2004; 

Jones and Dangl, 2006; Truman et al., 2006; Tsuda and Katagiri, 2010). Generally, these initial 

steps of plant immunity strongly resemble the system of innate immunity in animals 

(Medzhitov and Janeway, 2000; Boller and Felix, 2009). The cellular components involved in 

ETI are also shown in Figure 1.1. 

PTI is mainly based on the recognition of highly conserved microbial structures, which are 

difficult for the microbes to modify without affecting their virulence. In contrast, effectors are 

not essential for microbial survival (Dangl and Jones, 2001). Thus, whereas PTI targets 

microbes in general, ETI is rather an evolutionary dynamic process including constant 

adaptation and alternations in plant and pathogen structures in order to be one step ahead of 

the opponent. Consistent with the hypothesis of co-evolution, effectors are extremely diverse 

with little amino acid (aa) similarity among them and recognized in a highly specific fashion 

by the host R proteins, which are present in particular plant cultivars (White et al., 2000; Jones 

and Dangl, 2006; Niehl and Heinlein, 2009). This ongoing evolutionary arms race between 

plants and pathogens in order to achieve or avoid recognition is nicely visualized in the 

“zigzag” model demonstrated in Figure 1.2, proposed by Jones and Dangl (Jones and Dangl, 

2006).  
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Fig. 1.2 “Zigzag” model elaborated by Jones and Dangl (2006). This figure describes the evolutionary basis 

of effector-triggered susceptibility (ETS) and effector-triggered immunity (ETI). Detection of microbe-

associated molecular patterns (MAMPs) by the plant leads to pattern-triggered immunity (PTI). In turn, PTI is 

evaded by the ability of certain adapted pathogens to produce effectors (Avr-R), which interfere with PTI, leading 

to ETS. The recognition of these pathogen-specific effectors by plant R proteins can activate an enhanced immune 

response, referred to as ETI. ETI is often an amplified version of PTI, might passing a threshold for induction of 

hypersensitive cell death (HR). Pathogen isolates that have lost the primary effectors (red) and possibly gained 

new effectors through horizontal gene flow (in blue) may suppress ETI. In response, plants might evolve new 

receptor alleles recognizing one of the newly acquired effectors, which results again in ETI. This ongoing gain 

and evasion of detection constitutes the paradigm of Jones’ and Dangl’s “zigzag” model of ETS/ETI. Adapted 

from Jones and Dangl (2006). 
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1.2 Elicitors of non-host resistance 

In order to detect the many potentially harmful organisms and initiate PTI, plant PRRs 

specifically recognize conserved molecules derived from invading organisms or from already 

attacked plant cells (Boller and Felix, 2009; Dangl et al., 2013). Several structural components 

of the microbial cell wall have been shown to elicit defense responses in plants, including 

peptidoglycan (PGN) (Gust et al., 2007), β-glucans (Klarzynski et al., 2000), bacterial 

lipopolysaccharides (LPS) (Newman et al., 1995; Meyer et al., 2001), and fungal 

polysaccharides such as chitin fragments (Felix et al., 1993; Miya et al., 2007). However, the 

nature of molecular patterns identified as triggers of plant immunity is diverse and their 

number is constantly increasing. The following subchapters will address the most significant 

molecular patterns described to act as elicitors of non-host resistance. An overview of the so 

far characterized MAMPs/DAMPs and their corresponding PRRs is presented in Table 1.1. 

 

1.2.1 Bacterial MAMPs 

One of the best characterized MAMPs active in plants and animals is the protein flagellin, 

forming helical filaments that constitute the bacterial flagellum (Felix et al., 1999; Wyant et 

al., 1999; Smith et al., 2003). As the flagellum is the main bacterial motility organ it has a 

strong impact on bacterial virulence (Taguchi et al., 2008).  

The N- and C-terminal sequences of flagellin are conserved whereas the middle part, exposed 

to the outside, is highly variable. The epitope shown to be sufficient for significant defense 

elicitation in plants, at nanomolar concentrations, is a highly conserved 22-aa sequence present 

in the N-terminus of the protein, called flg22 (Felix et al., 1999). Despite differences in 

specificities and efficiencies, flg22 has been observed to act as a MAMP in most plants species 

(Felix et al., 1999; Albert et al., 2010a). Additionally, different epitopes of flagellin were 

recently identified and shown to modulate the induction of PTI responses in different plant 

species. These include flgII-28 which is only active in solanaceaeous species (Cai et al., 2011) 

and CD2-1, the C-terminal region of flagellin, eliciting PTI responses in rice (Katsuragi et al., 

2015). Beside leading to several typical PTI responses, flg22 perception has been shown to 

strongly enhance disease resistance to the pathogen Pto DC3000 (Zipfel et al., 2004). 

Importantly, microbial cell wall and structural components are not the only MAMPs 

recognized. Bacterial cold-shock proteins and the elongation factor thermo unstable (EF-Tu) 
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are recognized in tobacco and Brassicaceae, respectively, although these proteins are soluble 

and localized to the cytosol of microbes (Felix and Boller, 2003; Kunze et al., 2004).  

EF-Tu is the most abundant bacterial protein, conserved over a wide variety of species and 

shows 90% sequence homology between hundred bacterial species (Kunze et al., 2004). EF-

Tu is essential for the elongation of the aa chain during protein synthesis and therefore plays 

a crucial role in bacterial mRNA translation (Steitz, 2008). Comparably to flg22, plants are 

able to perceive a highly conserved 18- or 26-aa sequence present at the N-terminus of the 

protein, exhibiting its highest elicitor activity when N-acetylated. This short peptide, elf18 or 

elf26, is sufficient to induce a defense response comparable to full-length EF-Tu, but in 

contrast to flg22, which is active in most tested plant species, it is known to be recognized 

only by Brassicaceae (Kunze et al., 2004). However, a recently identified 50-aa epitope 

derived from the central region of the EF-Tu bacterial protein, termed EFa50, has been shown 

to be fully active as MAMP in rice (Furukawa et al., 2014). Like in the case of flg22, this 

result represents one more line of evidence for convergent evolution of MAMP perception 

systems in plants. 

 

1.2.2 Fungal MAMPs 

Plants mainly sense fungal microbes through the perception of chitin fragments. Chitin is the 

main structural component of the fungal cell wall and is a long-chain polymer of a N-

acetylglucosamine, a derivative of glucose (Felix et al., 1993; Shibuya et al., 1993). Further 

known fungal MAMPs include ergosterol, a component of fungal cell membranes (Granado 

et al., 1995) and xylanase, an enzyme able to degrade hemicelluloses, one of the major 

components of the plant cell wall (Hanania and Avni, 1997). β-glucans, which are cell wall 

components of certain fungi, oomycetes and bacteria are also sensed as MAMPs by several 

plant species as legumes and tobacco (Klarzynski et al., 2000). However, the list of 

characterized fungal MAMPs is currently increasing. For instance, the toxin cerato-platanin 

BCSpL1 from Botrytis cinerea was recently shown to induce defense responses in tobacco 

(Frías et al., 2013; Klemptner et al., 2014). Additionally, fungal endo-polygalacturonases, a 

class of secreted pectinases, are recognized as MAMPs in Arabidopsis (Zhang et al., 2014). 

Interestingly, necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs), secreted 

by a wide range of plant-associated microorganisms including fungi, oomycetes and bacteria, 

have been shown recently to trigger immunity in Arabidopsis (Oome et al., 2014). 
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1.2.3 Endogenous DAMPs 

In addition to MAMPs, plants can recognize different DAMPs, which are endogenous 

molecules or fragments of damaged cells and tissues that can act as elicitors of defense 

responses. These DAMPs are either signals actively synthesized by plants, or passively 

produced upon damage of plant structures (Yamaguchi and Huffaker, 2011).  

For instance, AtPep1 is an inducible peptide originating from a longer precursor protein 

(PROPEP) in Arabidopsis in response to microbe infection and other stresses (Huffaker et al., 

2006). AtPep1 is thought to be recognized by the plant to amplify PTI through a positive 

feedback loop (Yamaguchi et al., 2006; Huffaker and Ryan, 2007), just like the tomato peptide 

systemin, which induces PTI responses in solanaceous plants (Ryan et al., 2002; Marmiroli 

and Maestri, 2014). Similarly, systemins derive from a longer precursor protein (Prosystemin) 

via so far unknown cleavage mechanisms induced upon herbivore and pathogen detection 

(Ryan and Pearce, 2003).  

On the other hand, oligogalacturonides (OGs) would be an example of passively emerged 

signals that can elicit defense responses (Ferrari et al., 2013). OGs are sugar polymers derived 

from the pectin component of plant cell walls upon degradation by pathogens or damage 

associated to herbivory (Ferrari et al., 2013). Both, exogenously applied and in-vivo-released 

OGs have been shown to act as DAMP signals to trigger immunity in Arabidopsis (Brutus et 

al., 2010; Benedetti et al., 2015). Interestingly, the release of ATP by cell damage has recently 

been shown to serve as a DAMP in Arabidopsis. Extracellular ATP is perceived by a plasma 

membrane-localized receptor leading to downstream immune responses (Choi et al., 2014; 

Tanaka et al., 2014a). 

DAMPs are generally recognized by surface located receptors of the PRR-type (Newman et 

al., 2013). Since the discovery of the first of these DAMP receptors, PEP RECEPTOR 1 

(PEPR1) and PEP RECEPTOR 2 (PEPR2) recognizing AtPep1 in Arabidopsis (Yamaguchi et 

al., 2006; Krol et al., 2010; Yamaguchi et al., 2010) several DAMP/PRR pairs have been 

characterized (Table 1.1; Zipfel, 2014). Nevertheless, DAMPs are often recognized in a plant 

family-specific manner and broadening the current knowledge to other plant species could 

render interesting new results about recognition and signaling specificities. 
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1.2.4 Viral PAMPs 

Plant viruses, as all viruses, are obligate intracellular pathogens. As they do not have the 

molecular machinery to replicate, they are dependent on host-specific proteins throughout 

their life cycle, from virus accumulation to intracellular, local, and systemic movement 

(Nelson, 2005). Both, RNA and DNA viruses take advantage of these plant proteins, which 

are normally involved in host-specific activities like the mRNA processing and translation 

machinery (Thivierge, 2005). Viruses are transmitted through vector organisms like insects or 

nematodes, which feed on the plant host tissue and therefore allow virus infection of wounded 

plant cells (Andret-Link and Fuchs, 2005). As viruses are intracellular pathogens they are 

thought to be recognized by intracellular receptors. Recently, for instance, a NB-domain LRR 

(NLR) class of receptors has been shown to recognize different viral components and initiate 

diverse signaling processes that induce programmed cell death and ETI in infected cells and 

restrict virus spread in various plants (Padmanabhan and Dinesh-Kumar, 2014).  

However, until now, no viral PAMP inducing PTI was identified, and the primary plant 

defense against viruses is thought to be mainly based on RNA silencing (Ding and Voinnet, 

2007; Ruiz-Ferrer and Voinnet, 2009; Llave, 2010). RNA silencing is an evolutionary 

conserved, sequence-specific mechanism that regulates gene expression and chromatin states 

and represses invasive nucleic acids such as transposons, transgenes and viruses (Vaucheret, 

2006; Ding and Voinnet, 2007; Matzke et al., 2009). Furthermore, recent studies ascribe an 

additional role of RNA silencing in plant defenses against non-viral pathogens (Navarro et al., 

2008; Weiberg et al., 2013). Moreover, increasing evidence indicates that PTI also contributes 

to plant defense against viruses. Indeed, the innate immune system is involved in defense 

responses against viruses in animal cells where viral components such as double-stranded (ds) 

RNA, single-stranded (ss) RNA and DNA are sensed by three classes of receptors (Arpaia and 

Barton, 2011; Bonardi et al., 2012; Berke et al., 2013; Peisley and Hur, 2013). As expected, 

these receptors are predominately intracellular and soluble or located in the endomembrane 

system (Rathinam and Fitzgerald, 2011; Jensen and Thomsen, 2012). In plants, viral pathogens 

induce similar immune reactions as non-viral microbes, including several features of PTI as, 

for instance, the induction of systemic acquired resistance (SAR) in uninfected tissues upon 

viral infections (Whitham et al., 2003) or the induction of defense gene expression (Love et 

al., 2005; Hu et al., 2011; Love et al., 2012; Kørner et al., 2013), suggesting that indeed viruses 

are recognized by PTI. In line with this hypothesis, the PRR coreceptor BRASSINOSTEROID 

INSENSITIVE1 (BRI1)-ASSOCIATED RECEPTOR KINASE 1 (BAK1) was shown to play 
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a role in resistance against diverse RNA viruses. BAK1 functions there as a coreceptor for a 

PRR recognizing a viral PAMP or a virus-induced DAMP leading to viral resistance (Kørner 

et al., 2013).  

 

1.2.5 Herbivore-associated molecular patterns  

The detection of herbivorous insects by PRRs is believed to be achieved by two different 

mechanisms. Either the presence of a DAMP caused by chewing insects or an insect-derived 

pattern may be detected. To date, several herbivore-associated molecular patterns (HAMPs) 

have been identified (Mithöfer and Boland, 2008). Among the first ones identified was a fatty 

aa conjugate, called volicitin, which was isolated from oral secretions of the beet armyworm 

(Turlings et al., 1993; Alborn, 1997). Additionally, bruchins, fatty acid molecules derived 

from insect eggs and inceptines, produced in the insect gut by degradation of plant-derived 

ATPases, have been shown to elicit defense responses in pea and cowpea (Doss et al., 2000; 

Schmelz et al., 2006). Whereas the exact recognition mechanisms of HAMPs remain to be 

investigated, several observations indicate that as for PTI, HAMP perception is mediated by 

membrane-bound receptors (Truitt et al., 2004; Maischak et al., 2007). Thus, similarities 

between MAMP and HAMP perception are anticipated. 

 

1.2.6 Nematode-associated molecular patterns 

Plant-parasitic nematodes are highly abundant in different environmental systems and can 

infect a broad range of host plants. They are extremely harmful to agriculture and difficult to 

control (Bird et al., 2009). Until only recently, nematode- or plant-derived compounds 

resulting from nematode attack that activate basal host defenses had not been identified. 

However, nematodes were shown to induce defense responses in, for example, tomato and 

Arabidopsis (Goverse and Smant, 2014). In fact, a very recent publication characterized 

ascarosides, an evolutionarily conserved family of nematode pheromones, as the first 

nematode-associated molecular patterns (NAMPs). Application of picomolar to micromolar 

concentrations of ascr#18, the major ascaroside in plant-parasitic nematodes, led to the 

activation of conserved immune responses in Arabidopsis and resulted in enhanced resistance 

to a broad-spectrum of pathogens and pests in Arabidopsis, tomato, potato and barley 

(Manosalva et al., 2015). Furthermore, membrane-bound PRRs have been shown to mediate 
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highly specific resistances to cyst nematodes strongly indicating that also NAMPs or plant-

derived compounds produced upon nematode attack can be perceived by plant PRRs (Cai et 

al., 1997; Lozano-Torres et al., 2012).  

 

1.2.7 Alterations of MAMPs 

As most MAMPs are structures essential for microbial survival, they cannot easily be modified 

and exchanged by the microbe in order to evade recognition. Nevertheless, there are known 

cases of evasion due to evolutionary adaptation of MAMPs (Felix et al., 1999; Kunze et al., 

2004; Andersen-Nissen et al., 2005). For example, structural differences and variations in the 

lipid A domain of LPS have been shown to affect MAMP recognition by plant cells (Pel and 

Pieterse, 2013). On the other hand, the root pathogen Ralstonia solanacearum causing 

bacterial wilt produces modified flagellin molecules with alternations in the aa sequence that 

do not trigger defense responses in Arabidopsis (Pfund et al., 2004; Sun et al., 2006). MAMPs 

can also be masked by other mechanisms. In the case of flagellin post-translational 

modifications such as glycosylation, down-regulation of protein biosynthesis, modulation of 

flagella content upon colonization by, for instance, proteases, expression of multiple, 

alternative flagellin types as well as shedding or complete lack of flagella have been found 

(Trdá et al., 2015). Furthermore, also beneficial microorganisms use this sort of “camouflage” 

to avoid recognition and induction of defense responses and to establish symbiotic interactions 

with their hosts (Felix et al., 1999). 

Such modifications indicate an evolutionary need of plant interacting microorganisms to avoid 

recognition by the plant immune system and are interesting examples of the dynamism in these 

associations. 
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Table 1.1 Overview of the characterized MAMPs/DAMPs and PRRs identified so far. 

Ligand „Epitope“ Responsive plants Receptor 
Extracellular 

domain 

Intracellular 

domain 
Reference 

Bacterial MAMPs       

Cold-shock protein CSP22, RNP-1 Solanaceae Unknown   (Felix and Boller, 2003) 

Elongation factor Tu 
elf18 

EFa50 

Brassicaceae 

Rice 

AtEFR 

Unknown 

LRR Non-RD RK (Kunze et al., 2004; Zipfel et al., 2006; Furukawa 

et al., 2014) 

Flagellin 

flg22 

flgII-28 

CD2-1 

Most plants 

Solanaceae 

Rice 

FLS2 

Unknown 

Unknown 

LRR 

 

Non-RD RK 

 

 

(Gómez-Gómez and Boller, 2000; Chinchilla et 

al., 2006; Cai et al., 2011; Katsuragi et al., 2015) 

Harpin  Unknown Various plants Unknown   (Engelhardt et al., 2009) 

Lipopolysacharides  Lipid A 
Arabidopsis, pepper, 

tobacco 
LORE 

B-type lectin 

S-domain 
RD RK (Erbs and Newman, 2011; Ranf et al., 2015) 

Peptidoglycan GlcNAc-X-GlcNAc Arabidopsis 
LYM1 

LYM3 
LysM RLP/GPI 

(Gust et al., 2007; Erbs et al., 2008; Willmann et 

al., 2011; Mesnage et al., 2014) 

Superoxide dismutase  Unknown Tobacco Unknown   (Watt et al., 2006) 

eMAX Unknown Arabidopsis ReMAX LRR RLP (Jehle et al., 2013a) 

Fungal/Oomycetal MAMPs     

β-glucans 

Branched hepta-β-

glucosides  

linear oligo-β-

glucosides 

Legumes, tobacco 

Unknown 

 

Unknown 

 

 

(Umemoto et al., 1997; Fliegmann et al., 2004) 

Cellulose binding  

elicitor lectin (CBEL) 

Cellulose binding 

domain 
Tobacco, Arabidopsis Unknown  

 (Séjalon-Delmas et al., 1997; Khatib et al., 2004; 

Gaulin et al., 2006) 

Chitin 

Chitooligosaccharides 

polymers ≥ 4 

residues 

Arabidopsis, tomato, 

wheat, rice 

OsCERK1 

OsCEBiP 

AtCERK1 

AtLYK5 

LysM 

RK 

RLP/GPI 

RD RK 

Non-RD RK 

(Felix et al., 1993; Shibuya and Minami, 2001; 

Okada et al., 2002; Kaku et al., 2006; Shimizu et 

al., 2010; Cao et al., 2014) 

Ergosterol Unknown Tomato, tobacco Unknown   (Granado et al., 1995) 

Invertase 
N-glycosylated 

peptide 
Tomato Unknown   

(Basse and Boller, 1992; Basse et al., 1993) 
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3
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Abbreviations: At, Arabidopsis thaliana; ATP, adenosine triphosphate; CEBiB, chitin elicitor binding protein; CERK, chitin elicitor receptor kinase 1; DORN1, does 

not respond to nucleotides 1; EGF, epidermal growth factor; Eix2, ethylene-inducing xylanase 2; ELR, elicitin-response receptor; eMAX, enigmatic MAMP of 

Xanthomonas; GPI, glycosylphosphatidyl inositol anchored; INF1, major secreted elicitin from Phytophthora infestans; Le, Lycopersicum esculentum; LORE, lectin 

S-domain-1 receptor-like kinase; LRR, leucine-rich repeat; LYK5, lysin motif receptor kinase; LysM, lysin motif; Nlp, necrosis and ethylene-inducing peptide 1 (Nep1)-

like protein; Os, Oryza sativa, rice; Pep13, Phytophthora-derived oligopeptide elicitor; PEPR, pep receptor; PrePIP, PAMP-induced secreted peptides; RBPG1, 

responsiveness to botrytis polygalacturonases1; ReMAX, receptor of eMAX; RLP, receptor-like protein; RLK, receptor-like kinase; RK, receptor kinase;  St, Solanum 

tuberosum; WAK1, wall-associated kinase 1.

       

       

       

Necrosis inducing 

proteins 
Nlp20 Several dicotyledones RLP LRR RLP (Mattinen et al., 2004; Böhm et al., 2014) 

Transglutaminase Pep13 Parsley, potato Unknown   (Nürnberger et al., 1994; Brunner et al., 2002; 

Fellbrich et al., 2002) 

Endopolygalacturonases Unknown Arabidopsis 
RBPG1/ 

AtRLP42 
LRR RLP (Zhang et al., 2014) 

Xylanase TKLGE pentapeptide Tobacco, tomato LeEIX2 LRR RLP 
(Bailey et al., 1990; Hanania and Avni, 1997; 

Rotblat et al., 2002; Ron and Avni, 2004) 

Cerebroside Unknown 
Rice, tomato, chilli, 

pearl millet 
Unknown  

 (Koga et al., 1998; Umemura et al., 2000; 

Umemura et al., 2002) 

Sclerotinia culture 

filtrate elicitor1 (SCFE1) 
Unknown Arabidopsis RLP30 LRR RLP (Zhang et al., 2013) 

Elicitin INF1 
Tobacco, tomato, 

potato 
StELR LRR RLP 

(Baillieul et al., 2003; Domazakis et al., 2014; Du 

et al., 2015; Peng et al., 2015) 

Endogenous DAMPs 
    

 
 

Oligogalacturonides/ 

pectin fragments 

9 ≤ polymers ≥ 16 

residues 
Various plants WAK1 EGF RD RK (Hahn et al., 1981; Brutus et al., 2010) 

AtPeps 
AtPep 1-8  

AtPep 1-2 
Arabidopsis  

PEPR1 

PEPR2 
LRR RD RK 

(Yamaguchi et al., 2006; Krol et al., 2010; 

Yamaguchi et al., 2010; Bartels et al., 2013) 

PrePIP1 PIP1 Arabidopsis RLK7 LRR RD RK (Hou et al., 2014) 

Prosystemin Systemin Solanaceae Unknown   (Pearce et al., 1991; Felix and Boller, 1995) 

Cutin Monomers 
Arabidopsis, barley, 

rice, potato 
Unknown  

 (Schweizer et al., 1994; Schweizer et al., 1996a; 

Schweizer et al., 1996b) 

Extracellular ATP  Arabidopsis DORN1 L-type lectin  RD RK (Choi et al., 2014) 

– 1
4
 – 



GENERAL INTRODUCTION CHAPTER 1 

 

– 15 – 

 

1.3 Pattern recognition receptors (PRRs) 

1.3.1 General structural characteristics of PRRs 

So far, all plant PRRs perceiving MAMPs and DAMPs are known to be surface-localized, 

membrane-bound receptors, which can be classified in either receptor-like kinases (RLKs) or 

receptor-like proteins (RLPs). Typically, a RLK contains a divergent extracellular domain 

providing ligand binding specificity, a membrane-spanning domain and an intracellular kinase 

domain, which is absent in RLPs (Macho and Zipfel, 2014). In the Arabidopsis genome, the 

RLK gene family includes more than 600 members, represents 60% of all kinases present and 

encompasses 2.5% of the coding region (Shiu and Bleecker, 2003). Besides their role in danger 

detection, several RLKs have been shown to be involved in other physiological processes like 

growth, development, and reproduction (Shiu and Bleecker, 2001; Shiu and Bleecker, 2003; 

Shiu et al., 2004). In addition, 57 RLPs have been identified so far, which play a role in a 

variety of physiological processes, including defense (Tör et al., 2009; Jehle et al., 2013a).  

RLKs are classified into 21 structural classes by the characteristic structure of their 

ectodomain, consisting of either leucine-rich repeats (LRRs), lysine motifs (LysMs), lectin 

motifs, or epidermal growth factor (EGF)-like domains. With more than 235 members, the 

LRR-RLKs, typically binding to proteins or peptides such as bacterial flagellin, EF-Tu or 

endogenous Pep peptides (Chinchilla et al., 2006; Zipfel et al., 2006; Yamaguchi et al., 2006), 

are the largest subgroup of transmembrane RLKs in Arabidopsis. PRRs with other domains 

than LRR have been shown to recognize carbohydrate-containing molecules, such as fungal 

chitin, bacterial PGN, extracellular ATP or plant cell wall-derived OGs (Table 1.1; Kaku et 

al., 2006; Miya et al., 2007; Brutus et al., 2010; Choi et al., 2014).  

According to their intracellular kinase domain, RLKs are further grouped into RD and non-

RD kinases (Dardick and Ronald, 2006; Tör et al., 2009). RD indicates a specific motif 

presented by a conserved arginine (R) residue in front of an aspartate (D) in the catalytic loop 

of the kinase domain. Since the kinase activity of non-RD kinases is considerably weaker than 

that of RD kinases (Schwessinger et al., 2011), it seems that non-RD ligand-binding RLK 

PRRs rely on the association and complex formation with a strong RD kinase immediately 

after ligand binding in order to amplify phosphorylation of the kinases and initiate signaling 

(Dardick et al., 2012). This observation is to some extent similar to what has been reported for 

RLPs, which completely lack a kinase domain (Müller et al., 2008; Bleckmann et al., 2010; 

Zhu et al., 2010; Lee et al., 2012). 
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1.3.2 Examples of LRR-RLK PRRs 

FLAGELLIN-SENSING 2 (FLS2) is by far the best studied RLK PRR in plants. This receptor 

is responsible for the recognition of the bacterial MAMP flg22 and was first identified and 

characterized in Arabidopsis (Gómez-Gómez and Boller, 2000). Orthologues of the FLS2 

protein have been identified in tomato, tobacco, rice and grapevine (Hann and Rathjen, 2007; 

Robatzek et al., 2007; Takai et al., 2008; Trdá et al., 2014). Furthermore, proteins with a high 

degree of conservation can be identified in silico from outputs of genome sequencing projects 

of ricinus, maize, poplar and other plant species. 

FLS2 is an LRR-RLK with an extracellular domain comprised of 28 aa long stretches rich in 

leucine residues (LRRs) and a non-RD serine/threonine kinase domain linked to the 

extracellular domain by a single-pass plasma membrane-spanning domain segment (Gómez-

Gómez and Boller, 2000). The cytoplasmic kinase activity is required to initiate signaling in 

the cytoplasm (Schulze et al., 2010; Schwessinger et al., 2011), while the extracellular LRR 

domain is dedicated to binding of the flg22 peptide (Chinchilla et al., 2006; Sun et al., 2013b). 

Recent functional and binding studies using chimeric receptors obtained by a domain 

swapping approach between the LRR domain of tomato and Arabidopsis FLS2, have 

specifically defined potential LRRs involved in flg22 recognition (Dunning et al., 2007; Helft 

et al., 2011; Mueller et al., 2012a). Further studies revealed that binding of the flg22 N-

terminal part is required for association to the receptor whereas the C-terminal part of flg22 is 

necessary for activation of immune responses (Meindl et al., 2000; Sun et al., 2013b). 

The LRR-RLK ELONGATION FACTOR-TU RECEPTOR (EFR), specifically recognizing 

elf18 shares high structural similarity with FLS2. Although EFR encompasses only 21 LRRs, 

it has been demonstrated that chimeras of EFR and FLS2 are functional and can be used for 

studying receptor function (Albert et al., 2010b). The same study showed that different, 

noncontiguous parts of the ectodomain from EFR are required to form a functional ligand 

binding site. Therefore, although the exact mechanism of elf18 binding remains unclear, it 

could mimic the association of flg22 to FLS2 where a part of the peptide is required for binding 

and the other for response activation.  

The perception of AtPeps is achieved by two highly homologous, membrane-localized LRR-

RLKs, termed PEPR1 and PEPR2 (Yamaguchi et al., 2006; Krol et al., 2010; Yamaguchi et 

al., 2010). In contrast to PEPR1, which is able to recognize all eight AtPeps present in 

Arabidopsis, PEPR2 can only detect AtPep1 and AtPep2 (Bartels et al., 2013). The expression 
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of the receptors is induced upon wounding, MAMP treatment and jasmonic acid (JA) 

application, similarly to what has been reported for FLS2 (Mersmann et al., 2010; Yamaguchi 

et al., 2010; Bartels et al., 2013). 

 

1.3.3 Molecular mechanisms controlling PRR activation 

1.3.3.1 Model of FLS2 activation by flg22 

1.3.3.1.1 Oligomerization/Complex formation 

Recognition and binding of flg22 by FLS2 leads to the instantaneous (≤ 5 seconds) association 

with the LRR-RLK BAK1, indicating that FLS2 and BAK1 already exist in close proximity 

at the plasma membrane (Chinchilla et al., 2007; Heese et al., 2007; Schulze et al., 2010). 

BAK1 is the only characterized coreceptor of several RD and non-RD RLKs and has been 

extensively studied. It was originally discovered to positively regulate and dimerize with 

BRASSINOSTEROID INSENSITIVE 1 (BRI1), the receptor for the plant hormone 

brassinosteroid (BR) (Wang et al., 2001; Li et al., 2002; Nam and Li, 2002). Indeed, BAK1 is 

not only required for full responsiveness to BR but also for signal transduction in response to 

multiple MAMPs and unknown cell death pathways (Chinchilla et al., 2007; Heese et al., 

2007; Kemmerling et al., 2007). A structural study based on cocrystalization of the FLS2 and 

BAK1 ectodomains in complex with flg22 revealed that the flg22 bound to the C-terminal part 

of the FLS2 ectodomain directly interacts with the BAK1 ectodomain stabilizing the FLS2-

BAK1 complex (Sun et al., 2013b). A similar activation mechanism has been recently reported 

for BRI1 and BAK1 (Santiago et al., 2013; Sun et al., 2013a). 

BAK1, also called SERK3, belongs to the subfamily of the SOMATIC EMBRYOGENESIS 

RECEPTOR-LIKE KINASES (SERKs) containing five members, and shows a rather short, 

extracellular domain composed of only five LRRs and a typical characteristic serine and 

proline rich region adjacent to the plasma membrane. Apart from FLS2, also EFR is a well-

known interaction partner for BAK1 (Zipfel et al., 2006).  

Although BAK1 seems to have a predominant role in FLS2 activation in Arabidopsis 

(Chinchilla et al., 2007), other SERKs have potentially redundant functions as interaction 

partners for PRRs, like EFR or PEPRs (Roux et al., 2011). However, also RD RLKs, such as 

BRI1 or PEPR1 and PEPR2 rely on BAK1 and other SERKs for full responses (Li et al., 2002; 

Nam and Li, 2002; Krol et al., 2010; Roux et al., 2011; Gou et al., 2012). Thus, this implies 

that SERK proteins are critical for the function of both, RD and non-RD RLKs. 
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1.3.3.1.2 Cross phosphorylation 

Association of FLS2 and BAK1 leads to the immediate (≤ 15 seconds) de novo 

phosphorylation of both receptors (Schulze et al., 2010). The cross phosphorylation of both 

receptors is thought to initiate a cascade of cellular events leading to the activation of 

downstream signaling pathways (Chinchilla et al., 2007; Schulze et al., 2010). EFR and 

PEPR1/PEPR2 also recruit BAK1 indicating that heterodimerization might represent a 

common feature in LRR-RLK signaling responses (Schulze et al., 2010). Interestingly, 

mutations that impair complex formation between FLS2 or EFR and BAK1 abolish the 

phosphorylation of both proteins and the initiation of downstream signaling (Sun et al., 

2013b). Nevertheless, the weaker kinase activities of both, FLS2 and EFR are still required 

for flg22- and elf18-triggered responses, respectively (Schwessinger et al., 2011; Cao et al., 

2013). 

 

1.3.3.1.3 BIK1 dissociation 

The receptor-like cytoplasmic kinase (RLCK) BOTRYTIS-INDUCED KINASE 1 (BIK1) 

might associate with FLS2 and BAK1 in absence of flg22 (Lu et al., 2010; Zhang et al., 2010). 

After flg22 perception, BIK1 gets phosphorylated by BAK1 and in turn phosphorylates both, 

FLS2 and BAK1 followed by dissociation from the FLS2-BAK1 complex. BIK1 

phosphorylation by BAK1 also occurs after elf18 and AtPep1 perception and BIK1 interacts 

with EFR and PEPR1 (Zhang et al., 2010; Liu et al., 2013). Interestingly, BIK1 also interacts 

with CERK1 and may therefore represent a convergent signaling element between BAK1-

dependent and BAK1-independent PRR complexes (Zhang et al., 2010). RLCKs emerge as 

direct substrates of PRR complexes and key positive regulators of PTI signaling in order to 

link PRR activation with downstream intracellular signaling (Lu et al., 2010; Zhang et al., 

2010; Liu et al., 2013).  

An important role for BIK1 and its close paralog PBL1 (PBS (AvrPphB SUSCEPTIBLE)-

LIKE 1) in plant immunity is supported by the finding that both RLCKs are required for PTI 

activation and flg22-mediated resistance to Pto DC3000 (Lu et al., 2010; Zhang et al., 2010; 

Laluk et al., 2011; Liu et al., 2013; Li et al., 2014). The mechanism of PRR receptor activation 

using the example of FLS2 is demonstrated in Figure 1.3.  
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Fig. 1.3 Model of PRR receptor activation. Model of flagellin signaling adapted from Delphine Chinchilla. In 

the absence of flg22, BIK1 might associate with FLS2 and/or BAK1 in an inactive state. Upon flg22 binding to 

FLS2, flg22 induces FLS2 and BAK1 association and phosphorylation. The activated complex then 

phosphorylates BIK1, which in turn trans-phosphorylates the FLS2-BAK1 complex. The fully active complex 

may further phosphorylate BIK1 and other substrates. BIK1 then is likely released from the FLS2-BAK1 complex 

to activate downstream intracellular signaling. 

 

1.3.3.2 Molecular mechanisms of other PRRs: RLPs mode of action 

As LRR-RLPs lack a kinase domain, it is anticipated that their activation relies on the 

interaction with kinases in order to form a signaling-competent receptor complex (Jones et al., 

1994; Joosten and de Wit, 1999; Rivas and Thomas, 2005). This model was confirmed for 

several LRR-RLPs involved in plant development. For instance, the RLP TOO MANY 

MOUTH (TMM), which regulates stomatal patterning, was shown to interact with the LRR-

RLK ERECTA (Lee et al., 2012) whereas the RLP CLAVATA 2 (CLV2), involved in 

meristem maintenance, forms a complex with the transmembrane kinase CORYNE as well as 

with the LRR-RLK CLV1 to activate downstream signaling (Müller et al., 2008; Bleckmann 

et al., 2010; Zhu et al., 2010; Lee et al., 2012). 

However, until recently, a transmembrane RLK interacting with RLPs involved in disease 

resistance had not been identified. Lately, the LRR-RLK SOBIR1 (SUPPRESSOR OF BIR1-

1) was found to interact specifically with LRR-RLPs involved in plant immunity and 

development to regulate their function (Gao et al., 2009; Liebrand et al., 2013). A further study 

confirmed the importance of SOBIR1 for the function of other RLPs as, for instance, RLP30 
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involved in resistance against fungal pathogens (Zhang et al., 2013; Liebrand et al., 2014). In 

Arabidopsis, the activity of REMAX, the RLP receptor for the proteinaceous MAMP eMax 

(enigmatic MAMP from Xanthomonas) present in different Xanthomonas species also requires 

the presence of functional SOBIR1 (Jehle et al., 2013b). Moreover, other investigations 

indicated that SOBIR1 could be required and/or even function as a scaffold protein for the 

accumulation of LRR-RLP-containing complexes. Additionally, it is speculated that the 

process of association between RLPs and adaptor kinases (like SOBIR1) is possibly important 

for proper subcellular localization, stability and functionality of these receptors (Liebrand et 

al., 2014).  

The number of LRR-RLPs shown to interact with SOBIR1 is continually increasing and the 

requirement for SOBIR1 homologues in LRR-RLP function appears to be widely conserved 

among the eudicots (Liebrand et al., 2014). Up to now, SOBIR1 was found to interact 

specifically with LRR-RLPs in contrast to BAK1 and other members of the SERK family, 

which interact with RLKs and RLPs and are required for their function (Liebrand et al., 2014). 

Currently, it is speculated that RLP/adaptor complexes might function as a bimolecular 

receptor equivalent to RLKs that also sometimes require BAK1 function as shown by a couple 

of studies (Zhang et al., 2013; Gust and Felix, 2014) and depicted in Figure 1.4. 

 

1.3.3.3 Molecular mechanisms of other PRRs: Chitin perception as an example 

FLS2 is often used as a model to study activation of PRRs but the mechanisms of receptor 

activation differ between PRRs. For instance, perception of chitin does not require BAK1 to 

initiate chitin-triggered signaling in Arabidopsis (Heese et al., 2007; Gimenez-Ibanez et al., 

2009). The chitin receptor was first reported in rice with the identification of the CHITIN-

ELICITOR BINDING PROTEIN (CEBiP), which contains an extracellular LysM domain but 

lacks an intracellular kinase domain (Kaku et al., 2006). CEBiP forms a complex with the rice 

CHITIN-ELICITOR RECEPTOR KINASE 1 (OsCERK1) to mediate PTI in response to 

chitin (Shimizu et al., 2010; Hayafune et al., 2014). In addition to a LysM domain, OsCERK1 

has an active, intracellular kinase domain. In Arabidopsis, the homologue of OsCERK1 was 

identified as a chitin binding RD-RLK indispensable for chitin induced defense responses 

(Miya et al., 2007; Wan et al., 2008; Petutschnig et al., 2010). Furthermore, it has been shown 

that binding of chitin to CERK1 rapidly induces in vivo phosphorylation of CERK1 at multiple 

residues in the juxtamembrane and kinase domain (Petutschnig et al., 2010). The kinase 

domain seems to be required for this chitin-dependent in vivo phosphorylation as well as for 
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early defense responses and downstream signaling. However, recent studies indicated that 

AtLYK5, a LYSM RECEPTOR KINASE, is also required for chitin-induced AtCERK1 

homodimerization and phosphorylation (Cao et al., 2014). AtLYK5 binds to chitin with a 

much higher affinity than AtCERK1 as tested by isothermal titration calorimetry. In this new 

model, AtLYK5 is the primary receptor for chitin, forming a chitin-inducible complex with 

AtCERK1 to induce plant innate immunity (Fig. 1.4; Cao et al., 2014).  

Although several PRRs exhibit different molecular pathways for MAMP-induced activation 

and initiation of signaling it can be generally concluded that receptor homodimerization or 

oligomerization and subsequent phosphorylation are common mechanisms for ligand-

mediated receptor activation.  

 

Fig. 1.4 Model of PRR activation involving RLK and RLP complexes. (a) Upon ligand binding, RLKs (e.g. 

FLS2, EFR or PEPR1) undergo association with a coreceptor (like BAK1) that brings the cytoplasmic domains 

of the complexed partners in proximity, allowing (trans)-phosphorylation and activation of intracellular 

signaling. (b) RLPs lacking a cytoplasmic kinase domain undergo association with adaptor kinases. For LRR-

RLPs that associate with SOBIR1, this event might occur by interaction of their LRR domains, by ionic 

interaction of their oppositely charged juxtamembrane domains and/or by helix-helix interactions of their 

transmembrane domains. RLP/adaptor complexes then function as bimolecular receptors, equivalent of RLKs. 

Upon binding of their ligands the RLP/adaptor complexes, much like RLKs, undergo complex formation with 

coreceptors, notably of the BAK1/SERK-type. (c) Chitin perception is another well-known example of PRR 

activation. In Arabidopsis, in absence of trigger, the receptor kinase AtLYK5 is present as a homodimer not 

associated with CERK1. After chitin elicitation, AtCERK1 and AtLYK5 form a possible tetramer to mediate 

chitin signaling, concomitantly to AtCERK1 phosphorylation. In this model, AtLYK5 serves as a chitin 

perception receptor, while AtCERK1 is responsible for chitin signaling transduction to complement the lack of 

kinase activity of AtLYK5. Part a and b of the figure have been modified after Delphine Chinchilla, part c has 

been adapted from Cao et al. (2014).  

(a) (b) (c) 
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1.4 Plant responses upon microbe recognition 

Immediately after the detection of a biotic threat or an exogenously applied MAMP, plants 

activate a set of short and long-term responses as well as downstream signaling cascades in 

order to react against the attacking microbe. Most of these direct immune responses have been 

thoroughly studied in the context of microbial pathogen detection and PTI and can be used as 

robust readouts for innate immunity responses. In the following section, the most important 

plant responses to biotic invaders will be presented with a special focus on the recognition of 

bacterial elicitors, mainly flg22, by FLS2. Figure 1.5 illustrates the spatial and temporal 

arrangement of the direct, cellular immune responses.  

 

Fig. 1.5 Spatial and temporal assembly of direct, cellular PTI responses. Extracellular ligands are perceived 

by plasma membrane-localized PRRs. Upon this recognition event, many PRRs interact with coreceptors (such 

as FLS2 with BAK1) to initiate kinase activation, potentially leading to cross-phosphorylation followed by 

phosphorylation of downstream targets (1, seconds). Subsequently, a set of immediate, quantitatively measurable 

immune responses is induced by the plant cell. These responses include initiation of cross-membrane ion fluxes 

(2, 45 seconds), the production of reactive oxygen species (ROS) (3, 2 minutes), the activation of MAPK cascades 

(4, 1-15 minutes), the biosynthesis of ethylene (5, 10 minutes-hours), some transcriptional changes of defense 

genes in the nucleus (6, 30-60 minutes), stomata closure (7, 1-2 hours) as well as the deposition of callose between 

the plasma membrane and the cell wall at a later stage (8, hours) and lignification of the cell wall (9, days). 

Altogether, these responses lead to enhanced immunity against pathogen attack (10). Figure is adapted from 

Sebastian Bartels and Dominik Klauser, Plant Science Center. 
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1.4.1 Ion fluxes 

Within 45 seconds upon perception of MAMPs, ion fluxes across the plasma membrane get 

initiated, following opening of ion channels with influxes of H+, K+ and Ca2+ cations into the 

cell and a Cl- anion efflux. This event can best be measured by an alkalinization of the liquid 

growth medium of plant cell suspension cultures (Boller, 1995). Furthermore, the increase of 

intracellular Ca2+ is of particular interest as Ca2+ is known to be a second messenger in various 

cellular processes (Lecourieux et al., 2006). In particular, four CALCIUM-DEPENDENT 

PROTEIN KINASES (CDPKs) have been identified as Ca2+ sensors regulating innate 

immunity in Arabidopsis (Boudsocq et al., 2010).  

 

1.4.2 Production of ROS  

The production of ROS at the cell surface by the NICOTINAMIDE ADENINE 

DINUCLEOTIDE PHOSPHATE (NADPH) oxidase is another detectable early process linked 

to plant defense. ROS can be measured around 2-10 minutes after MAMP application with a 

luminol-based assay (Chinchilla et al., 2007). Plasma membrane-bound NADPH oxidases, 

referred to as RESPIRATORY-BURST OXIDASE HOMOLOGUES (RBOH), are the main 

producers of ROS (Torres et al., 2002; Torres et al., 2006). Recently it was confirmed that 

RBOHD, the NADPH oxidase responsible for the MAMP-induced ROS burst (Nühse et al., 

2007; Zhang et al., 2007), exists in complex with EFR and FLS2 (Kadota et al., 2014). In the 

same complex, BIK1 interacts and regulates by phosphorylation the activity of the NADPH 

oxidase upon MAMP perception in a calcium independent manner (Li et al., 2014). This study 

further reports that the phosphorylation of specific residues of RBOHD by BIK1 is critical for 

the MAMP-induced ROS burst and the onset of antibacterial immunity. In addition to the 

regulation by BIK1, other regulatory processes including calcium-mediated mechanisms 

target RBOHD. 

In plant defense, ROS are considered to have an antimicrobial activity. This is achieved either 

by directly targeting the membranes of invasive microbes, as reported for animal phagocytes 

and lymphocytes (Apel and Hirt, 2004) or in an indirect manner. For example, ROS production 

induces the strengthening of the cell wall through oxidative cross linking of glycoproteins and 

induces intracellular signaling pathways such as the synthesis of the defense hormone salicylic 

acid (SA) and the activation of MITOGEN-ACTIVATED PROTEIN KINASES (MAPKs)  

(O’Brien et al., 2012). Moreover, it has been proposed that the activation of SAR is associated 
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with the systemic propagation of the oxidative burst to alert uninfected tissues (Lamb and 

Dixon, 1997; Nühse et al., 2007). Indeed, the fact that some bacterial effectors directly block 

the ROS production machinery further supports the role of ROS in intracellular signaling 

processes (Göhre et al., 2008; Gimenez-Ibanez et al., 2009; Miller et al., 2009). 

 

1.4.3 Activation of MAPK cascades 

The rapid activation of a MAPK cascade (≤ 2 minutes) is a key element in signaling in many 

eukaryotic organisms: It serves as a hub in order to transduce external stimuli into an 

intracellular response (Dong et al., 2002). In general, a MAPK cascade starts with the 

phosphorylation of a MAP kinase kinase kinase (MAPKKK), which in turn transfers a 

phosphate group to a target MAPKK, which then phosphorylates a MAPK. Ultimately, 

MAPKs can directly target various nuclear or cytoplasmic proteins for phosphorylation 

including transcription factors to induce transcriptional reprogramming. In the case of MAMP 

perception, the phosphorylated transcription factors either control the expression of defense 

genes involved in PTI or negatively regulate PTI (Asai et al., 2002; Boudsocq et al., 2010; 

Rasmussen et al., 2012). Therefore, MAPK pathways might provide a precise control of plant 

defense responses (Zhang and Klessig, 2001). In Arabidopsis, four main MAPKs are activated 

during PTI responses by double phosphorylation: MPK3, MPK4, MPK6 and MPK11 (Asai et 

al., 2002; Rasmussen et al., 2012). The phosphorylation of MAPKs is a transient response that 

can be detected 1-15 minutes after MAMP application by Western blot constituting an useful 

readout for immediate immune responses (Nühse et al., 2000; Suarez-Rodriguez et al., 2007).  

 

1.4.4 Ethylene production 

Upon MAMP detection, the aminocyclopropane-1-carboxylic acid (ACC) synthase, which is 

the rate limiting enzyme involved in ethylene (ET) biosynthesis, gets activated and ET is 

produced within several hours, which can be detected by gas chromatography (Oetiker et al., 

1997; Krol et al., 2010). The gaseous phytohormone ET serves several functions in plants. It 

is involved in some plant development processes as fruit ripening or flowering, as well as in 

abiotic and biotic stress adaptations (Johnson and Ecker, 1998; Love et al., 2005; Love et al., 

2007). Furthermore, its role in defense has been shown to be crucial in several different events. 

ET has been shown to be a critical factor required for the FLS2 receptor accumulation, flg22-
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induced ROS production as well as for callose deposition at the plasma membrane (Clay et 

al., 2009; Boutrot et al., 2010; Mersmann et al., 2010). 

 

1.4.5 Transcriptional changes 

Transcriptomic studies revealed that already after 30 minutes of flg22 treatment more than 

1000 genes were up-regulated and around 200 down-regulated in Arabidopsis (Navarro et al., 

2004; Zipfel et al., 2004). A similar pattern of gene regulation was also observed upon elf18 

or chitin treatment, indicating that MAMP signaling converges at an early stage (Ramonell et 

al., 2002; Zipfel et al., 2006). Induced genes include those coding for PATHOGENESIS 

RELATED (PR) proteins, transcriptional regulators and kinases or phosphatases. 

Interestingly, over 100 of the roughly 600 RLK genes present in the Arabidopsis genome are 

also MAMP-induced, including those coding for the PRRs FLS2 and EFR, indicating a 

positive feedback loop of PTI activation (Zipfel et al., 2004).  

 

1.4.6 Receptor endocytosis 

Within one hour, flg22 treatment leads to vesicle-mediated endocytosis from the cell 

membrane and degradation of the FLS2 receptor. Endocytosis can be observed by microscopy 

of fluorescent protein-tagged receptors. FLS2 is one of the first examples of plant RLKs shown 

to undergo ligand-induced endocytosis and subsequent degradation (Robatzek et al., 2006; 

Göhre et al., 2008; Lu et al., 2011; Beck et al., 2012b; Choi et al., 2013). Later, similar 

observations were reported for LeEIX2 (Ron and Avni, 2004; Bar and Avni, 2009a) and the 

Xa21 receptor, which confers resistance to Xanthomonas oryzae pv. oryzae race 6 in rice 

(Chen et al., 2010). In mammalian cells, receptor-mediated endocytosis was reported to be 

important for the response to pathogens, for instance in the case of the TLRs (Husebye et al., 

2006). Likely widely spread in PRR signaling, the exact contribution of endocytosis to PTI 

remains unknown. Potential roles include desensibilization of the cells via removal of ligand-

bound receptors from the site of perception or recycling of the receptor for resensibilization 

of the cells (Beck et al., 2012a; Smith et al., 2014). 
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1.4.7 Stomatal closure 

Stomata are microscopic pores in the epidermis of aerial organs of plants, which ensure the 

gas exchange and transpiration, both required for photosynthesis and water homeostasis. They 

are also used as entry points for microbes (Melotto et al., 2008). As stomata close 1 to 2 hours 

after recognition of bacteria, fungi or MAMPs, thereby preventing the entry of microbes and 

host tissue colonization, they have been assigned a function in the early phases of innate 

immunity (Melotto et al., 2006; Sawinski et al., 2013). The physiological importance of 

stomatal closure is supported by the fact that, for instance, fls2 receptor mutants show a 

decreased resistance to Pto DC3000 infection only when bacteria are sprayed onto the leaf 

surface but not when infiltrated into the leaf, a condition which does not involve stomata 

function (Zipfel et al., 2004). The stomatal closure can be assessed and quantified by 

microscopy.  

 

1.4.8 Callose deposition 

The synthesis and deposition of callose between the plant cell wall and the plasma membrane 

during the relatively early stages of pathogen invasion serves as an effective barrier induced 

at the sites of attack. Callose is an amorphous high-molecular weight β-1-3 glucan polymer, 

which not only provides a matrix in which antimicrobial compounds can accumulate as 

chemical defenses to the infection site, but also reinforces the cell wall to limit penetration by 

pathogens (Boller and Felix, 2009; Luna et al., 2011). In Arabidopsis leaves, callose-

containing cell-wall appositions can be easily visualized under the microscope by fixing and 

staining with aniline blue after 16 hours of MAMP treatment (Gómez-Gómez et al., 1999). 

 

1.4.9 Lignification 

Lignin is one of the most abundant biopolymers on earth and is resistant to degradation by 

most microorganisms (Vance et al., 1980). Lignin is composed of aromatic alcohols known as 

monolignols and is an integral part of the secondary cell walls of plants. Accumulation of 

lignin or lignin-like phenolic compounds was shown to occur in a variety of plant-microbe 

interactions at the sites of attempted penetration (Bhuiyan et al., 2009). Lignification not only 

renders the cell wall more resistant to mechanical pressure but makes the cell wall more water 

resistant and thus, less accessible to cell wall-degrading enzymes. Furthermore, it restricts 
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diffusion of enzymes and toxins into the host and in the case of viruses, lignification around 

local lesions is thought to serve as a barrier for viral spread (Vance et al., 1980). Additionally, 

lignification may be an important part of defense as this process is associated with the 

production of activated oxygen species. Furthermore, the monolignol lignin precursors also 

have antifungal activity and it has been proposed that they function as phytoalexins, 

(antimicrobial compounds) in flax (Ride and Pearce, 1979). Lignin accumulation can be 

detected by histochemical color reactions after several days of MAMP treatment or by the use 

of fluorescence-tagged monolignols (Tobimatsu et al., 2013). 

 

1.4.10  Seedling growth inhibition 

A prolonged treatment of seedlings with MAMPs can lead to strong inhibitory effects of 

seedling growth in a concentration-dependent manner (Gómez-Gómez et al., 1999; Zipfel et 

al., 2006). The exact molecular details underlying this event remain unclear. One possibility 

could be a shift in the limited resource allocation from growth to defense by the plant due to 

the perception of danger signals at the cost of plant fitness (Walters and Heil, 2007; Boller and 

Felix, 2009). Moreover, a complex signaling network including hormonal pathways described 

in the next paragraph, might also contribute to the arrested seedling growth. 

 

1.4.11  Modifications in phytohormone concentrations  

Plants produce a wide array of hormones interacting in complex networks in order to balance 

diverse growth and developmental processes but also biotic and abiotic stress responses. ET, 

JA and SA have been shown to play a central role in the regulation of plant immune responses 

(Bari and Jones, 2009). In addition, other plant hormones, such as auxins (Kazan and Manners, 

2009), abscisic acid (Ton et al., 2009), cytokinins (Walters and McRoberts, 2006), BR 

(Nakashita et al., 2003) and several others that have been described to regulate plant 

development and growth processes, have recently emerged as regulators of plant immunity 

(Bari and Jones, 2009). Commonly, infection of plants with pathogens results in the production 

of various plant hormones, which activate and enhance defense signaling but also spread the 

danger signal to healthy tissues (Adie et al., 2007; Robert-Seilaniantz et al., 2007; Pieterse et 

al., 2009). Depending on the type of attacker and the plant species, the hormonal integration 

of the defense response can differ remarkably in plants.  
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In general, pathogens can be divided into two groups determined by their feeding specification. 

Pathogens with a biotrophic life cycle are reliant on living cells to obtain their nutrients. In 

contrast, necrotrophic pathogens kill their host cells early using lytic enzymes and phytotoxins 

to feed from the dead material. Often pathogens switch between biotrophic and necrotrophic 

life styles and thus, it is difficult to classify them. In this case, they are referred to as hemi-

biotrophic pathogens, such as Pto DC3000 (Glazebrook, 2005). In turn, plants have evolved 

specialized sensing and long-term signaling strategies according to the life style of the invasive 

pathogen. Generally, SA plays a crucial role in plant defense against biotrophic or hemi-

biotrophic pathogens in addition to its well-known role in SAR (Grant and Lamb, 2006; Vlot 

et al., 2008). In pathogen-challenged tissues of plants, SA levels increase and exogenous 

applications result in the induction of a large set of defense related genes, commonly referred 

to as PATHOGENESIS-RELATED (PR) genes and enhanced resistance to a broad range of 

pathogens (Dong, 2004; Moore et al., 2011). Defense against biotrophs often includes a local 

HR and SA-dependent cell death, which limit the spread of the pathogen by elimination of its 

nutrient resource (Glazebrook, 2005). Interestingly, a recent study revealed that SA 

accumulation also causes increased levels of PRRs and coreceptors, which potentiates the 

responsiveness of plants to MAMPs, implying a dynamic effect of SA on the regulation and 

function of PRRs (Tateda et al., 2014).  

In contrast, necrotrophic pathogens and herbivorous insects usually induce the accumulation 

of JA and ET (Bari and Jones, 2009). Although SA and JA/ET defense pathways are mutually 

antagonistic, evidences of synergistic interactions have also been reported, indicating that the 

defense signaling network activated by the plant depends on the type of pathogen and its mode 

of pathogenicity (Schenk et al., 2000; Kunkel and Brooks, 2002; Beckers and Spoel, 2006; 

Mur et al., 2006). JA levels increase locally in response to pathogen infections and tissue 

damage (Lorenzo and Solano, 2005; Wasternack, 2007) and perception of JA isoleucine, leads 

to the liberation of transcription factors for JA-responsive genes in the nucleus (Feys et al., 

1994; Fonseca et al., 2009; Yan et al., 2009). As mentioned previously in Chapter 1.4.4, ET 

production is induced upon pathogen attack and plays an important role in the activation of 

PR genes, the synthesis of secondary metabolites and the strengthening of the cell wall 

(Broekaert et al., 2006). Similarly to SA and SAR, JA/ET signaling activation can also lead to 

a systemic priming of tissues referred to as induced systemic resistance (ISR). ISR is induced 

by wounding and herbivore feeding, as well as by plant growth promoting microbes (Howe 

and Schaller, 2008; Pieterse et al., 2014).  
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The balance of the hormonal cross-talk strongly influences the outcome of plant-pathogen 

interactions and potentially the establishment of effective systemic immunity. Interactions 

between defense signaling pathways is an important mechanism for regulating immune 

responses against various types of pathogens. Thus, it is not surprising that hormone signaling 

pathways are targeted by pathogens to disturb and evade plant defense responses (Denancé et 

al., 2013). Although several components regulating the cross-talk between SA, JA and ET 

pathways have been identified, the complex underlying molecular mechanisms still remain 

poorly understood.  

 

1.5 Root-microbe interactions 

Root defense responses to pathogens have received much less attention than leaf responses for 

several reasons. First of all, disease symptoms in aerial plant parts are more visible and 

therefore easier to assess. Furthermore, as plants are usually grown in soil, technical factors 

make roots difficult to access, observe, isolate and wash without causing damage. 

Additionally, many microbes from the rhizosphere, the biologically active zone surrounding 

the roots, are almost impossible to cultivate in the laboratory (Singh et al., 2004). Ultimately, 

many leaf pathogens are generally not considered to be root pathogens like, for instance, the 

Pseudomonas pathovars. This situation represents a practical experimental problem as most 

genetic and genomic tools have been developed for well-studied leaf pathogens but not root 

pathogens. Nevertheless, plant roots are constantly exposed to a multitude of soil microbes, 

including pathogens and symbionts. Some root diseases are extremely severe and cause 

considerable worldwide losses of vegetables and overall crop yield (Krupa, 2012). Thus, it is 

of high importance to understand the molecular mechanisms underlying defense responses 

against pathogens at the root level in order to develop new strategies for plant protection. 

The following section provides an overview of the Arabidopsis root anatomy and structure 

and highlights the tissues and zones most vulnerable for pathogen infection.  
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1.5.1 The root 

Roots absorb water and nutrients, which is facilitated by providing a large surface area further 

increased by the presence of root hairs. Additionally, roots conduct water and nutrients and 

anchor the plant body to the soil. Besides this, roots provide mechanical support, are used for 

the storage of water and photosynthetic products and participate in gas exchange. The root 

penetration by unwanted toxic compounds and infection by soil-borne pathogens needs to be 

avoided while water and mineral need to be taken up. Because roots maintain this dual role in 

nutrient and water uptake and protection, they are often compared to inverted guts (Waisel et 

al., 2002).  

Interactions of roots with microbes have been proposed to be tissue-specific and highly 

complex (Millet et al., 2010). Therefore, in order to investigate root-microbe interactions, it is 

essential to consider the root architecture. The root consists of several tissue layers with 

different specific functions, and exposed to the soil and the soil microbiota in various manners. 

 

1.5.1.1 Root tissue layers 

1.5.1.1.1 Epidermis 

At the outer root surface lies the epidermis (Fig. 1.6). Epidermal cells are tightly linked to each 

other providing mechanical strength and protection to the plant. Thus, the epidermis forms a 

boundary between the plant and the external environment and serves several other functions. 

It regulates gas exchange, protects the plant from water loss while forming the first layer that 

interacts with microbes, including pathogens and beneficials. Furthermore, the epidermis 

secretes metabolic compounds and is able to absorb water and mineral nutrients (Dolan et al., 

1993).  

 

1.5.1.1.2 Cortex/Endodermis 

Directly below the epidermis lies a cortical region. The cortex is a band of parenchymal cells 

with storage function. For instance, it stores carbohydrates or essential oils and tannins and 

borders the innermost cortical layer, the endodermis. The endodermal cells exhibit specialized 

cell wall modifications forming a belt surrounding the endodermal cells in the longitudinal 

direction, called Casparian strip (Fig. 1.6b). Chemically, the Casparian strip cell walls contain 

lignin polymers. These polymers form a diffusion barrier where the passive, apoplastic flow 

of water and nutrients from the soil solution across the cortex to the central cylinder is forced 
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to become symplastic or transcellular (through polarly localized influx and efflux carriers) and 

thus remains under control. Figure 1.6 shows a picture of the root transversal section (a), as 

well as a schematic representation of the water and nutrient flow into the stele (b). At a 

secondary stage of endodermal differentiation, suberin, a hydrophobic aliphatic polyester 

highly resistant to chemical and enzymatic degradation, accumulates between the plasma 

membranes and primary cell walls of endodermal cells. The presence of suberin blocks or 

reduces the transport of nutrients across the plasma membranes of suberized cells. This barrier 

significantly affects radial uptake of water and dissolved nutrients, and radial loss of oxygen 

(Geldner, 2013). Figure 1.7 shows the appearance of suberin lamellae at lager stages of 

development, closing off endodermal cells and forcing nutrients to undergo a longer 

symplastic passage through plasmodesmata. Furthermore, the modified cell wall structures 

form a significant physical barrier against microorganisms. Importantly, cell wall degrading 

enzymes, typically secreted by pathogens during the infection of plant tissues, cannot easily 

degrade these chemically distinct endodermal cell walls (Geldner, 2013). In line with this 

observation, fungi and also Ralstonia solananacearum are unable to efficiently penetrate the 

endodermal cell layer, indicating that the endodermis is an important colonization barrier, 

maybe principally due to the formation of suberin (Bishop et al., 1983; Vasse, 1995; Parniske, 

2008). In summary, the endodermis mainly acts as a selectivity filter for microbes and the 

transport of water and solutes between the root and soil interfaces. 
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(a)                                                                                  (b) 

 

Fig. 1.6 The root cross-section and its water/nutrient flow. (a) Picture of the Arabidopsis root cross-section 

after staining with toluidine for visualization of the cell wall. From the root surface to its center epidermal tissues 

with emerging root hair surrounding the cortical cell layer, the endodermis and the vascular cylinder are shown. 

The cylinder is composed of three tissues, the pericycle, the xylem and the phloem. This figure has been adapted 

from http://www.ccrc.uga.edu/~mao/ultrast/root/root.htm. (b) Scheme of the upper-left quarter of a root cross-

section showing the flow of water and solutes (depicted as blue arrows) through the cell-wall space. The 

transverse endodermal cell walls that connect cortical and vascular cell walls are impregnated by a cell-wall 

thickening, the Casparian strip (shown in red). The plasma membrane domain of differentiated endodermal cells 

in direct contact with the strip is called the Casparian strip domain (CSD, shown in green). Because of the 

Casparian strip, water and solutes cannot cross transverse cell walls and are redirected to the plasma membrane 

and the interior of endodermal cells. The Casparian strip acts as selective diffusion barrier, before releasing water 

and selected solutes into the vascular system (shown in yellow). The figure was first published by Grebe (2011).  

 

1.5.1.1.3 Vascular Cylinder 

The stele, or vascular cylinder, includes all of the tissues subjacent to the endodermis: the 

pericycle and the vascular tissues, xylem and phloem. The outer layer of the vasculature, 

adjacent to the endodermis is the pericycle. The pericycle cells retain the ability to divide 

throughout their life. Lateral (branch) roots emerge from a localized division of pairs of 

pericycle cells that originate from three cell files adjacent to the xylem pole (De Smet et al., 

2007; Lucas et al., 2008). The formation of lateral roots requires breaking all endodermal and 

epidermal barriers adjacent to the initiated root and could therefore constitute a possible entry 

site for pathogens into the vasculature. The vascular tissue is organized in roots within a single 

central vascular cylinder. There, the vascular tissue is organized into strands called vascular 

bundles, each containing xylem and phloem. The xylem transports water and minerals within 
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the primary plant body, whereas the phloem conducts nutrients produced in the shoot to the 

roots. The xylem and phloem cells form a similar longitudinal continuum throughout the plant. 

In brief, the primary vascular system serves three functions. First, the phloem conducts 

photosynthates from the green stems and leaves to non-green areas (usually roots, lateral 

meristems, and shoot apical meristems) to promote growth and development. Second, the 

xylem provides a water-conducting system and a mechanical support as a result of the rigid 

lignified cell walls. Third, fibres, cells with thickened walls, provide the plant with additional 

support and stability (Lucas et al., 2013). 

 

1.5.1.2 Developmental root zones  

In the longitudinal section of a root, three main zones are visible. The zone of cell division is 

the lowest one where the root cap protects the apical meristem from rocks, dirt and pathogens 

and facilitates movement of the root through the soil. Cells are continuously released from the 

outer surface of the root cap. Interestingly, the root cap seems to perceive and process many 

environmental stimuli and mediates the direction of root growth accordingly (Hasenstein et 

al., 1988; Ishikawa and Evans, 1990; Okada and Shimura, 1990; Fortin and Poff, 1991; 

Takahashi, 1997; Eapen et al., 2003).  

The root apical meristem contains a pool of stem cells, which surrounds an organizing center 

called “quiescent center” (QC) (Bennett and Scheres, 2010). The QC is the heart of the root 

meristem, it has very little mitotic activity itself but functions to maintain the stem cells in 

their undifferentiated state. Recent findings indicate that the QC may also act as a reservoir to 

replenish stem cells (Heidstra and Sabatini, 2014). The apical meristem initial cells give rise 

to the three primary meristems (Fig. 1.7): 1) the protoderm, which stands around the outside 

of the stele and develops into the epidermis, 2) the procambium, which lies inside the 

protoderm and develops into primary xylem and phloem and also produces the pericycle and 

3) finally, the ground meristem, which develops into the cortex, composed of parenchyma, 

collenchyma and sclerenchyma cells (Bennett and Scheres, 2010).  

Once the cells have reached a certain distance from the meristem and perceived changes in the 

concentrations of growth regulators such as hormones, cells stop dividing and begin to 

elongate rapidly (Fig. 1.7). Thereby, they push their apical neighbor cells farther away from 

the meristem to the elongation zone. As in the elongation zone the epidermis and endodermis 

have not fully established yet, this zone represents a risky area with regard to pathogen 
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invasion. Once elongated, these cells start to differentiate and meet their fate in the zone of 

differentiation or specialization. This zone can be recognized by the appearance of root hairs 

in the epidermis and lignification of the xylem (Geldner, 2013). Root hairs are outgrowths 

from root epidermal cells and increase the root surface and diameter. They have functions in 

nutrient acquisition, plant anchorage and microbe interactions (Grierson et al., 2014).  

 

Fig. 1.7 Detailed cellular scheme of the root longitudinal axis including a division zone magnification. (a) 

The division zone (blue) includes the meristem initials (red) and the root cap cells (light blue) and is followed by 

the elongation zone (grey). The path of the endodermal cell lineage is shown in green (left panel). In the 

differentiation zone (white), the appearance of the Casparian strip is depicted by green dots, concomitant with 

xylem vessels (dark grey) and later, the patchy appearance of suberin lamellae in yellow (right panel). This figure 

is adapted from Geldner (2013). In (b) a magnification of the root division zone with the root cap, depicting the 

quiescent center surrounded by the apical meristem, producing the three primary meristems (protoderm, ground 

meristem and procambium) is shown. This part of the figure has been adapted from Reece and Campbell (2011).  

 

1.5.2 The root microbiota 

The rhizosphere is defined as the area around a plant root that is inhabited by a unique 

population of microorganisms influenced by the chemicals released from plant roots. It is 

enriched in dead cells, root secretions and harbors diverse bacterial and fungal taxa (Lundberg 

et al., 2012). A subset of these microorganisms even enter the root and live as endophytes 

(Buée et al., 2009). The microbiome in the rhizosphere is extremely dense and diverse; one 

gram of soil is estimated to contain up to 1011 microbial cells, which can be pathogenic or 

beneficial (Egamberdieva et al., 2008). Beneficial microbes provide the host roots with 

(a) 

(b) 
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nutrients or protection (Friesen et al., 2011; Berendsen et al., 2012). Additionally, a vast 

amount of rhizosphere microbes prime local and systemic resistance in the plant and lead to 

ISR, making plants more resistant for subsequent attack by pathogens (Pieterse et al., 2014). 

The fine-tuning of defenses, activated through priming instead of a direct activation of 

resistance, is an important mechanism and a critical step to improve plant resistance while 

saving fitness costs (Selosse et al., 2014). Thus, plant roots have to sharply distinguish between 

friends and foes at a very local level (Antolín-Llovera et al., 2014). Yet, very little is known 

about how roots perceive and defend themselves against attackers.  

In respect of exposure to microbes, the root is often compared to mammalian skin, respiratory 

and especially gut epithelia. Like for roots, the number of potential pathogens is vast in animal 

tissue. It is estimated that 1014 indigenous bacteria from more than 1000 species are present in 

the human colon (Whitman et al., 1998). However, this abundant microflora does not elicit 

over-inflammation in the intestinal mucosa under physiological conditions (Kazmierczak et 

al., 2001; Bantel et al., 2002). In a similar manner, miscellaneous environmental microbes 

present around gut epithelia do not over-activate host immune responses whereas in the 

meantime more deeply buried tissues are still sufficiently sensitive (McClure and Massari, 

2014; Selosse et al., 2014). Furthermore, beneficial root as well as gut microbes protect the 

host by competing for space and food with potential invaders and prime host defenses 

(Clemente et al., 2012; Ramírez-Puebla et al., 2013).  

 

1.5.2.1 Beneficial root microbes 

The most important beneficial root microbes include mycorrhizal fungi, nitrogen fixing 

bacteria and plant growth promoting rhizobacteria (PGPR). Mycorrhiza are fungi which form 

a symbiosis with plant roots. Whereas the symbiotic fungi provide water and mineral nutrients 

such as phosphate to the plant, the host in turn supplies the fungi with mainly carbohydrates 

(Parniske, 2008). Additionally, mycorrhizal fungi produce antimicrobial compounds, prime 

the plants for defense responses and compete with pathogens for ecological niches and are 

therefore believed to protect the plant against different kinds of pathogens (Morgan et al., 

2005). The arbuscular mycorrhizal symbiosis is probably the most widespread terrestrial 

symbiosis (Fitter, 2005) and is formed by 70-90% of land plant species with fungi that belong 

to a monophyletic phylum, the Glomeromycota (Hibbett et al., 2007).  
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For nitrogen fixing bacteria, the interaction between Rhizobium and roots of legume plants is 

the best studied case. In a specialized plant organ, the root nodule, plants feed bacteria with 

carbohydrates, whereas the symbiont converts by fixation the atmospheric nitrogen into 

ammonium, an organic form of nitrogen available for the plant (Long, 1989).  

The establishment of both, mycorrhizal and rhizobial associations, is achieved through a 

specific chemical communication between the microorganisms present in the rhizosphere and 

the host plant root (Oldroyd, 2013). Strigolactones and flavonoids are released by the plant 

root as signals for the arbuscular mycorrhizal fungi and rhizobia, respectively. In turn, fungi 

and rhizobia produce lipo-chitoolisaccharides called mycorrhizal factors (Myc factors) and 

nodulation factors (Nod factors). Those microbial signals are recognized in the root cells by 

specific LysM receptors to activate a symbiosis signaling pathway. The perception of Myc 

factors is required for root colonization by the symbiotic fungi. Nod factors promote the 

organogenesis of root nodules, as well as their infection by rhizobia (Oldroyd, 2013). 

Interestingly, Myc and Nod factors are closely related to pathogen-derived chitin (lipo)-

chitooligosaccharides perceived by highly similar LysM receptors. Despite structural 

similarities between the microbial signaling molecules and the receptors involved in their 

recognition, each LysM receptor shows a strong ligand specificity, which allows plant cells to 

initiate appropriate signaling pathways resulting in very different outputs, symbiosis and 

defense (Antolín-Llovera et al., 2014). Moreover, some studies indicate that effectors secreted 

by symbiotic microbes may play a role in suppressing defense responses triggered by LysM 

receptors to allow the establishment of symbiosis (Yang et al., 2010a; Kloppholz et al., 2011; 

Plett et al., 2011; Wang et al., 2012a). More research is needed to further evaluate the 

importance of effectors in the process of symbiosis establishment (Tóth and Stacey, 2015).  

Despite the fact that Arabidopsis is the main model organism to study plant-microbe 

interactions, it is not the optimal model to investigate symbiosis because it is unable to 

establish symbiotic associations with either mycorrhizal fungi or Rhizobium (Lionetti and 

Métraux, 2014). However, Arabidopsis can be used to examine the interaction between PGPRs 

and roots. In general, growth promotion by PGPRs occurs through niche exclusion in the 

rhizosphere, the production of antimicrobial compounds, as well as metabolites that enhance 

plant growth, induction of plant defense, competition for and sequestering of nutrients 

(Pieterse et al., 2014). Besides these local mechanisms, induction of ISR is a further positive 

effect of PGPRs (Whipps, 2001; Pieterse et al., 2014). Although many bacteria from the genus 

Pseudomonas are successful foliar pathogens, they are generally not described as root 
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pathogens. Yet, they have been shown to colonize roots and several Pseudomonas strains are 

promoting plant growth by protecting roots against potential pathogens (Haas and Défago, 

2005). Some plant growth promoting Pseudomonas species have been shown to activate ISR 

against a broad spectrum of fungal and bacterial pathogens by priming the activation of 

defense genes in leaves (Pieterse et al., 2014). This process is mediated by JA and ET signaling 

and requires the transcriptional regulator NPR1, a key regulator of SA signaling (Pieterse, 

1998). Other PGPRs include Bacillus strains, which are also able to colonize the root surface 

and control plant disease (Kloepper et al., 2004). Due to their plant growth promoting 

characteristics, PGPRs are considered as biocontrol agents.  

 

1.5.2.2 Root pathogens 

Generally, root interactions with beneficial microbes have been extensively investigated 

compared to root-pathogen interactions. However, several groups of soil microorganisms 

cause root diseases. Studying soil-borne plant pathogens is particularly challenging since they 

are often able to survive in soil for many years and each crop may be susceptible to several 

species. Various systematic groups can affect plant roots but the major groups are oomycetes, 

fungi, bacteria, protists and nematodes. Furthermore, a few soil-borne viruses affect vegetable 

crops (Quentin et al., 2012).  

One economically important soil-borne root pathogenic bacterium is Ralstonia solanacearum, 

responsible for the bacterial wilt disease in a wide host range and for immense yield losses 

worldwide (Hayward, 1991). Ralstonia enters to the root by attaching to the root epidermis, 

especially at the root elongation zone and the junction between main and lateral roots (Vasse, 

1995). It penetrates into the intercellular spaces of the root cortex from where it reaches the 

vasculature. There, it colonizes and spreads from the xylem vessels, which become plugged, 

to the leaves and infects the rest of the plant (Digonnet et al., 2012).  

A further major root pathogenic bacterium is Agrobacterium tumefaciens, which is responsible 

for the crown gall disease and the hairy root disease. It colonizes the root vasculature of a large 

variety of plants and therefore presents a great concern for crop production (Escobar and 

Dandekar, 2003).  

Finally, the most significant root pathogenic bacteria are the filamentous Streptomyces (Loria 

et al., 2003; Okubara and Paulitz, 2005). Scab-causing Streptomyces have a wide host range 

and infect diverse underground plant tissues. Infection of roots results in root stunting, 
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browning, and seedling death (Loria et al., 2006). Harmful Streptomyces species infect roots 

through penetration with specialized infection hyphae and produce a toxin inhibiting cellulose 

deposition and causing necrosis of root tissue (Stingl et al., 2005).  

The majority of successful root pathogens includes damaging oomycete pathogens such as 

Phytophthora and Pythium as well as fungal pathogens like, for instance, Fusarium. Most of 

them are necrotrophs, feeding on dead plant tissue after killing the roots using toxins, peptide 

effectors or enzymes that trigger host cell lysis and death (Okubara and Paulitz, 2005). 

Examples are the oomycete Pythium, the basidiomycete Rhizoctonia and the ascomycete 

Sclerotinia, often causing root and crown rot diseases responsible for huge crop losses 

(Quentin et al., 2012). Others, like Phytophthora sojae, are hemibiotrophs and form haustoria 

or feeding structures to extract nutrients from living cells (Mendgen and Hahn, 2002; Tyler, 

2007). Additionally, some oomycetes such as Phytophthora or Pythium and fungi as 

Rhizoctonia species can also cause damping off diseases, responsible for seed or seedling 

lethality before or after germination (Quentin et al., 2012; Krupa, 2012). In contrast to 

biotrophic pathogens, the majority of root necrotrophic pathogens can infect a wide range of 

plant species and does not appear to have closely coevolved with a specific host what makes 

them especially ecologically threatening (Quentin et al., 2012). For instance, almost all fruit 

and nut trees, as well as most ornamental trees and shrubs can develop Phytophthora rot. 

Tomatoes, peppers, eggplant, and other vegetable crops can also be affected by Phytophthora 

rot (Hansen et al., 2012).  

In addition, plant-parasitic nematodes and biotrophic protists from the class Phytomyxea attack 

roots and infect their hosts (Quentin et al., 2012). For instance, the protist Plasmodiophora 

brassicae causes clubroot disease in cruciferous plants, and is an emerging severe threat to the 

production of Brassica crops (Hwang et al., 2012). The two most economically damaging 

groups of nematodes are root-knot nematodes (Meloidogyne spp.) and the cyst nematodes, 

mainly represented by the two genera Globodera and Heterodera (Krupa, 2012). Nematodes 

are able to induce dramatic morphological and physiological changes in host roots: infected 

roots undergo a developmental switch that results in the formation of aberrant root structures 

forming permanent feeding sites. These feeding sites, called galls, consist of cells within the 

vascular cylinder, which become completely reorganized, hypertrophied and metabolically 

highly active, serving as food sources throughout the nematode life cycle (Davis et al., 2008; 

Bird et al., 2009; Gheysen and Mitchum, 2009).  
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An overview about these agricultural most harmful root pathogens and the crop diseases 

caused by them are summarized in the table below. 

 

Table 1.2 Summary of the most ecologically important root pathogens and their associated diseases.  
The table has been adapted according to the data from Krupa (2012) and www.viralzone.com. 

Root pathogen Disease Affected plant species 

Bacteria   

Ralstonia solanacearum  Bacterial wilt 
Wide host range (tomato, pepper, 

eggplant, potato…) 

Agrobacterium 

tumefaciens/rhizogenes 
Crown gall/hairy root disease 

Many dicotyledonous (grapevine, radish, 

tobacco, apple…) 

Streptomyces Common scab 
Root crops (potato, radish, parsnip, beet, 

carrot…) 

Fungi   

Fusarium Root rot Soybean, barley, banana… 

Rhizoctonia Root rot, damping off diseases 
Wide host range (soybean, potato, 

cereals, sugar beet, cucumber…) 

Sclerotinia Root rot, damping off diseases  

> 400 plant species (beans, carrots, 

celery, lettuce, radish, potato, tomato, 

peas…) 

Verticillium Vascular wilt 
> 300 eudicot species (cotton, tomato, 

potato, oilseed rape, eggplant, pepper…) 

Oomycetes   

Phytophthora Root rot, damping off diseases 

Almost all fruit and nut trees, ornamental 

trees and shrubs, tomato, pepper, 

soybean, eggplant and other vegetables  

Pythium Root rot, damping off diseases 
Extremely wide host range (crops, 

grasses, weeds, vegetables) 

Nematodes   

Meloidogyne spp  

(root-knot nematodes) 
Root-knot galls  

> 2000 plant species (field crops, pasture 

and grasses, horticultural, ornamental 

and vegetable crops) 

Globodera/Heterodera 

(cyst nematodes) 

Growth retardation, root damage, 

early plant senescence 

Narrow and specialized host range of 

each species (cabbage, pea, soybean, 

carrot, sugarbeet, potato…) 

Protists (Phytomyxea)   

Plasmodiophora 

brassicae  
Clubroot 

Only Brassicaceae (cabbage, broccoli, 

cauliflower, brussels sprouts, radish…) 

Viruses   

Secoviridae (Nepovirus) Chlorosis, systemic necrosis 
Cowpea, tobacco, grapevine, beet, bean, 

tomato, rice… 

Potyviridae Chlorosis, systemic necrosis 
Stone fruit crops, potato, tobacco, 

tomato… 

Virgaviridae (Tobravirus) Chlorosis, systemic necrosis Tobacco, pea, pepper, bean, potatoes… 
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Fighting root pathogens is generally difficult because root diseases are often only visible when 

they have already become systemically established what makes them complicated if not 

impossible to control. Furthermore, exogenous applications of protecting treatments are 

tedious (Abawi and Widmer, 2000; Krupa, 2012). Therefore, understanding the exact 

mechanisms used by both, plants and pathogens during their interactions is important in order 

to develop efficient molecular tools to combat root pathogens.  

 

1.5.3 Defense mechanisms in roots  

Despite the remarkable advances in the knowledge of plant immune responses in leaves, the 

molecular interactions taking place in roots remain largely unexplored. However, plant roots 

should have developed defensive strategies that are clearly different from those of aerial 

organs, as they lack a robust cuticula and extracuticular barriers, like waxes and trichomes 

(Valkama et al., 2004). Roots have to interact with their environment directly via the apoplastic 

space in order to conduct water and mineral uptake for the plant, and thus, cannot be protected 

the same way as leaves. Finally, they have to sharply distinguish between “good and bad” in 

order to fend off pathogenic soil-microbes while maintaining the capacity to establish positive 

interactions with beneficial microbes (Antolín-Llovera et al., 2014). 

 

1.5.3.1 PTI responses in roots 

Roots are well-capable of responding to elicitors produced by soil-borne microbes and defense 

responses have been demonstrated in this organ (Attard et al., 2010; Millet et al., 2010; Jacobs 

et al., 2011). For instance, investigation of transgenic seedlings expressing the β-

glucuronidase (GUS) reporter gene under the control of promoters of MAMP-responsive 

genes revealed that flg22, chitin and PGN triggered strong responses in Arabidopsis roots. 

Furthermore, callose deposition was detected upon MAMP treatment in roots (Millet et al., 

2010). The same study demonstrated that flg22 induced the production and exudation of 

camalexin in roots, a well-studied antimicrobial compound. Accumulation of ROS and 

defense gene transcripts has also been documented for roots of flg22-treated seedlings (Jacobs 

et al., 2011). Remarkably, root border-like cells, emerging and individually released from the 

root cap into the rhizosphere, have recently been ascribed a role in perception and activation 

of defense responses (Plancot et al., 2013). In Arabidopsis and flax (Linum usitatissimum) 

these cells were shown to autonomously sense flg22 and PGN. Both MAMPs triggered in 
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detached border-like cells a rapid production of ROS accompanied by modifications in the 

extensin distribution within the cell wall (Plancot et al., 2013). It is assumed that extensins can 

be cross-linked by hydrogen peroxide in order to increase the mechanical strength of the cell 

wall (Kieliszewski and Lamport, 1994; Ribeiro et al., 2006; Pereira et al., 2011). Remarkably, 

even MAMP-triggered callose deposition and overexpression of genes involved in the plant 

immune response were observed in isolated root border-like cells of Arabidopsis (Plancot et 

al., 2013). However, as these cells are released from the roots, their contribution to plant 

protection against microbes remains largely elusive. Presumably, they form a protective shield 

around the root due to their fortified cell walls. 

R gene-mediated resistance has only been described for a few root-pathogen examples (Segal 

et al., 1992; Ori et al., 1997) and the typical HR seen in leaves has not been described in roots. 

Several explanations have been proposed for this observation. First, some HR components 

might be missing in the root. Secondly, plants might actively suppress HR in roots, although 

the reasons for this suppression are unknown (Millet et al., 2010). In summary, these data 

indicate that different defense responses take place in roots but the exact, underlying events 

are poorly characterized.  

 

1.5.3.2 Root defense responses and beneficial microbes  

Surprisingly, at initial steps, beneficial microbes are also recognized as potentially harmful 

invaders by the plant (Pel and Pieterse, 2013). For example, rhizobial bacteria or PGPRs are 

recognized as a threat, which elicits PTI responses in their hosts (Kouchi et al., 2004; Lohar 

et al., 2006; Bakker et al., 2007; Van Wees et al., 2008; Zamioudis and Pieterse, 2012). 

Consistently, the establishment of mutualistic relationships between beneficial microbes and 

plants has been shown to rely on an active interference of the microbe with the host immune 

system (Zamioudis and Pieterse, 2012). For instance, many beneficial root microbes were 

shown to actively suppress hormone-dependent PTI responses in Arabidopsis roots, thereby 

allowing the establishment of symbiosis (Jacobs et al., 2013; Cole et al., 2014; Plett et al., 

2014). Additionally, other root beneficial interaction partners as, for instance, the symbiont 

Rhizobium meliloti or the PGPR Burkholderia phytofirmans, evade PRR recognition by 

variations in their flg22 sequence, which allows the establishment of a beneficial interaction 

(Felix et al., 1999; Trdá et al., 2015). However, beneficial and pathogenic microbes are often 

perceived by highly similar receptors (Antolín-Llovera et al., 2014). For example, the 

structurally closely related pathogen-derived chitin and symbiotic (lipo)-chitooligosaccharides 
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are perceived by almost identical LysM-RLKs, but trigger defense and symbiosis signaling, 

respectively. Hence, the plant has to be capable to differentiate between foe and friend by 

employing similar or even identical receptors for both stimuli. Several mechanisms might 

contribute to ensure that the appropriate signaling pathway is initiated. As LysM-RLKs have 

been shown to assemble into alternative heterocomplexes in a ligand-dependent manner it is 

suggested that coreceptors play a crucial role in determining the response pathway initiated 

(Antolín-Llovera et al., 2012). Besides the respective coreceptors, also different downstream 

response components might be recruited to a receptor complex or differentially activated, 

allowing the induction of various types of signaling pathways upon the initial activation of the 

same LysM-RLKs (Antolín-Llovera et al., 2014). Several studies indicate that the 

discrimination process critically depends on the abundance and localization of PRRs at the 

cell surface. Their activity and abundance is believed to be regulated by tissue-specific 

expression or via ubiquitination, endocytic trafficking and/or recycling mechanisms (Antolín-

Llovera et al., 2014). Additionally, the function of RLKs has been shown to be controlled by 

cleavage of their ectodomain, generating a truncated and rapidly degraded RLKs fragment 

(Antolín-Llovera et al., 2014). Undoubtedly, robust mechanisms need to be available in plants 

to control signaling output.  

 

1.5.3.3 Hormones in root defense 

In general, little is known about the importance of hormones in root defense. JA and ET 

signaling are known to be important players against root necrotrophic pathogens (Turner et 

al., 2002; Wang et al., 2002; Devoto and Turner, 2003; Gutjahr and Paszkowski, 2009). SA 

has been shown to accumulate in roots upon root colonization by fungal pathogens (Balmer et 

al., 2013) and is involved in resistance against root-knob nematodes (Wubben et al., 2008). 

Additionally, root treatment with SA activates a number of genes involved in plant defense 

(Badri et al., 2008). Moreover, SA-mediated plant defense pathways have been shown to 

control nodule formation and mycorrhiza colonization, indicating that SA is involved in the 

control of biotrophic plant-microbe interactions at the root level (Herrera Medina, 2003; 

Gutjahr and Paszkowski, 2009). Abscisic acid has been assigned a potential role in fine tuning 

hormonal pathways in roots (Erb et al., 2009; Nahar et al., 2011).  
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1.5.3.4 Toxic products 

As leaves, roots can produce and secrete an equally rich or even higher variety of natural toxic 

products or secondary metabolites, which have a prominent function in the protection against 

predators and microbial pathogens (Kaplan et al., 2008b; Rasmann and Agrawal, 2008). 

Furthermore, often volatile secondary metabolites such as terpenoids, fatty acid derivatives, 

phenyl propanoids or benzenoids are produced in roots upon herbivore attack to attract natural 

enemies of the predator (Ali et al., 2010; Hiltpold et al., 2010; Rasmann et al., 2011; Turlings 

et al., 2012). The recruitment of these “soldier microbes” by the plant during defense signaling 

can strongly alter the composition and quantity of the rhizosphere microbial communities. 

Through the production of antimicrobial and insecticidal compounds, these microbes help the 

plant to suppress pathogen or herbivore attacks (Carvalhais et al., 2013).  

 

1.5.3.5 The role of tissue-specificity in root defense 

Two zones in the root are particularly susceptible to pathogen entry due to discontinuities in 

the protective root barriers: the elongation zone and the sites of lateral root emergence. Indeed, 

Millet and colleagues showed that MAMP-responsive promoter-GUS reporter lines exhibited 

induced GUS activity in the elongation zone after MAMP treatment, indicating the presence 

of active defense responses in this zone (Millet et al., 2010). Thus, it is well possible that this 

root entry site requires locally a high-sensitive, even constitutively active perception and 

defense machinery. Furthermore, this defense machinery might be restricted in localization to 

these specific points in order to avoid constitutive activation of induced resistance 

mechanisms, which can negatively impact plant fitness and growth (Heil, 2002; Heil and 

Baldwin, 2002). In line with this idea, plants exposed to long flg22 treatment show reduction 

in growth, possibly due to a trade-off between immune and hormonal pathways as mentioned 

above (Gómez-Gómez et al., 1999; Navarro et al., 2006; Lozano-Durán et al., 2013; Chapter 

1.4.10). Interestingly, a tomato R gene (RESISTANCE GENE I-2) was shown to be locally 

expressed at the basis of emerging lateral root primordia, where potential pathogens are 

expected to infect the root (Mes et al., 2000). Similarly, a compartmentalization of PRR 

receptors at very restricted localizations could be important to avoid the induction of 

unnecessary defense responses but this hypothesis remains to be investigated.  

The matter of tissue-specificity is of special interest given that the innate immune system, 

PRRs and/or their responses may need to be modulated depending on the accessibility of that 

tissue from the outside compartment. Interestingly, this strategy of reducing receptor 
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accessibility or activation is known in animal cells. As an example, the TLR9, the PRR for 

microbial DNA, has been shown to exhibit distinct transcriptional responses depending on the 

location of its activation by the MAMP, at either the apical or the basolateral surface domains 

of polarized intestinal epithelial cells (Lee et al., 2006). The polarity of this cellular mechanism 

may explain how intestinal epithelial cells avoid inflammation in a microbe-rich environment 

under steady-state conditions. Whether a similar system also occurs in plant roots is not clear. 

Nevertheless, it is proposed that localization of plant immune receptors in specific tissues, 

cells or subcellular locations might play an important role in order to avoid over-stimulation 

of immune responses (Faulkner and Robatzek, 2012).  

Taken together, our current knowledge indicates that tissue-specific defense responses might 

play an important role to balance and regulate immunity in roots. 

 

1.5.3.6 Systemic signaling between roots and shoots 

Root colonization by some PGPRs, but also plant growth promoting fungi (PGPFs) and 

symbiotic arbuscular mycorrhizal fungi, can prime the whole plant body for enhanced defense 

against a broad spectrum of pathogens, including fungi, bacteria, as well as some herbivorous 

insects and viruses (van Loon, 2007; Lugtenberg and Kamilova, 2009; Shoresh et al., 2010; 

Cameron et al., 2013). In particular, root colonization by PGPRs has been shown to prime 

distant tissues for stronger and faster defense response in case of a pathogen attack. This 

rhizobacteria-mediated plant growth promoting effect has been described as ISR by van Loon 

et al. (1998). It is widely assumed that this priming effect limits energy costs for plant defense. 

Although the exact mechanism underlying the elicitation of ISR remains unclear, increasing 

evidence suggests that MAMPs or microbial elicitors are involved in this process (Bakker et 

al., 2007). Indeed, root application of flagella from Pseudomonas putida WCS358 triggered 

ISR against Pseudomonas syringae in Arabidopsis (Meziane et al., 2005). As a P. putida 

mutant lacking flagella was still able to induce ISR, the perception of MAMPs other than 

flagellin is sufficient to elicit this response. Consistently, it was shown that treatment with LPS 

from Pseudomonas fluorescens WCS417r also triggers ISR against P. syringae in Arabidopsis 

(Van Wees et al., 1997). Further bacterial determinants described to induce resistance include: 

biosurfactants, N-acyl-homoserine lactones, N-alkylated benzylamines, antibiotics, 

exopolysaccharides and siderophores (van Loon et al., 1998; De Vleesschauwer and Höfte, 

2009).  
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SAR is defined as a "whole-plant" enhanced resistance state that occurs following a localized 

exposure to a pathogen. SAR has mainly been studied with regard to leaf pathogens; however, 

root pathogens like the fungus Colletotrichum, the tobacco necrosis virus or the oomycete 

Peronospora tabacina have been shown to induce SAR in systemic leaves (Jenns, 1979; 

Tuzun and Kuć, 1985). Since then, the exact characterization of SAR-inducing root pathogens 

has received sparse attention. Only recently, it has been shown that root infection with 

nematodes was able to elicit SAR in shoots of tomato plants (Molinari et al., 2014). 

Additionally, it was acknowledged that an attack by root herbivory may also result in systemic 

induction of defense compounds in the shoot (van Dam et al., 2003; Bezemer and van Dam, 

2005; Kaplan et al., 2008a). In contrast to SAR, ISR induced by beneficial microbes is often 

regulated through SA-independent mechanisms. Nevertheless, several PGPRs have been 

shown to trigger the SA-dependent SAR pathway (Choudhary et al., 2007; Pieterse et al., 

2014). These results open an interesting field of study that will lead to a deeper understanding 

of signaling in plants in the future. 
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1.6 Aims of this thesis 

Plant pathogenic microorganisms are responsible for immense yield losses in agriculture and 

the development of new technologies to engineer plant resistance is of general agro-

economical concern. As the role of roots in plant defense has been neglected in the past 

although soil-borne pathogens constitute a major threat for crop plants, the predominant aim 

of my thesis was to increase our knowledge about the specific molecular mechanisms 

underlying MAMP perception and immunity in roots.  

The functions of immune receptors, their interactions and downstream signaling processes 

have been widely studied in leaves. In roots, it has been previously shown that defense 

reactions against MAMPs are orchestrated in a highly tissue-specific manner. From this 

observation, several hypotheses which were to be tested in this thesis arose: 1) the immune 

receptors themselves or downstream signaling components could be expressed or localized in 

a tissue-specific manner, which would explain why only certain tissues have the capacity to 

respond; 2) only certain tissues could be able to perceive externally applied MAMPs, due to 

their accessibility to the elicitor. 

To shed light on the regulation of immune responses in roots, I first investigated the 

autonomous competence of roots to initiate typical defense reactions upon flg22 perception 

(Chapter 2). In a second approach, in collaboration with Martina Beck from the group of Silke 

Robatzek, Sainsbury Laboratory, Norwich, UK, I analyzed the spatial activity of the FLS2 

promoter in wild-type plants in order to elucidate whether the observed lack of defense 

responses in certain tissues correlates with the expression level of the PRR (Chapter 2.1).  

In parallel, to determine whether all root tissues have the capacity to perceive flg22 and 

transmit flg22 recognition by FLS2 to activate downstream signaling, I expressed FLS2 in the 

Arabidopsis fls2 mutant background under the control of several tissue-specific promoters and 

measured PTI responses in roots upon flg22 application. This strategy allowed me to compare 

and quantify the nature and intensity of the immune responses initiated in the various types of 

tissues perceiving the elicitor. The evaluation of tissue-specific immune responses could 

further help to understand the biological attribution/relevance of the tissues in the immune 

response (Chapter 2.2). 

Another important part of this thesis was the generation of new tools that will be used in the 

future to broaden our understanding of immunity in plants. In this respect, I produced 

Arabidopsis transgenic lines expressing nuclear-targeted fluorescent reporter proteins under 
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the control of promoters of MAMP-induced marker genes (Prom:NLS-3xVenus). These lines 

were used in collaboration with the Sinergia project members from the group of Niko Geldner, 

University of Lausanne, and the group of Jean-Pierre Métraux, University of Fribourg, to 

elucidate tissue-specific downstream activation of immune responses upon MAMP 

recognition (Appendix). Furthermore, I aimed at developing a method to study systemic 

signaling from roots to shoots, which enables a local treatment of roots and avoids contact of 

the elicitor with the aerial part of the plant in axenic conditions (Chapter 3).  

A second aim of my thesis was to understand the role of PTI in viral immunity. Viral pathogens 

cause extensive crop losses in agriculture but whether plants recognize viruses via PTI is just 

beginning to be elucidated. Although RNA silencing is considered to be the main antiviral 

defense mechanism, a recent study conducted in our lab indicated a possible role of BAK1 in 

the perception of a viral pattern or a virus-induced plant elicitor. The development of crop 

plants recognizing viral PAMPs may lead to cultivars resistant to a broad range of viruses. 

As dsRNA produced during viral reproduction has been shown to be perceived by animal 

innate immune receptors and to induce innate immune responses, dsRNA could also be 

perceived as viral PAMP in plants. Therefore, in collaboration with Annette Niehl, University 

of Basel, I studied whether dsRNA is perceived as a bona fide PAMP in Arabidopsis. 

Additionally, the potential of dsRNA to protect plants against viral infection was examined 

(Chapter 4).         
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Statement 

Expression of the flagellin receptor FLS2 is regulated in a cell/tissue-specific and stress-

induced manner that correlates with sites of bacterial infection. The vasculature expresses 

FLS2 and responds to flagellin.  
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2.1.1 Abstract 

Pathogens can colonize all plant organs and tissues. To prevent this, each cell must be capable 

of autonomously triggering defense. Therefore, it is generally assumed that primary sensors 

of the immune system are constitutively present. One major primary sensor against bacterial 

infection is the FLAGELLIN-SENSING 2 (FLS2) pattern recognition receptor (PRR). To gain 

insights into its expression pattern, we monitored the FLS2 promoter activity in respective 

GUS reporter lines. Our data show that pFLS2:GUS activity is highest in cells and tissues 

vulnerable for bacterial entry and colonization, such as stomata, hydathodes and lateral roots. 

GUS activity is also high in the vasculature and by monitoring Ca2+ responses in the 

vasculature we found that this tissue contributes to the flg22-induced Ca2+ burst. The FLS2 

promoter is also regulated in a tissue- and cell type-specific manner and is responsive to 

hormones, damage, and biotic stresses. This results in stimulus-dependent expansion of the 

FLS2 expression domain. In summary, we have created a tissue- and cell type-specific map of 

FLS2 expression correlating with prominent entry sites and target tissues of plant bacterial 

pathogens. 

 

2.1.2 Introduction 

Plant pathogens use a variety of different strategies to invade their hosts, which are tightly 

associated to the lifestyle of the pathogen as well as to plant development (Faulkner and 

Robatzek, 2012). The general aim of a pathogen is to invade and access plant tissues where it 

can find nutrients for its own development. Bacterial phytopathogens typically try to reach the 

apoplastic space between cells where they can multiply and reprogram host metabolism by the 

injection of bacterial effectors into the extra- and intracellular space. During a susceptible 

interaction, as observed between Arabidopsis thaliana and Pseudomonas syringae, the gram-

negative bacterium enters the host tissue (typically leaves) via natural openings (stomata) or 

wound sites, from where it propagates in the apoplastic spaces causing water soaked, chlorotic 

(and later also necrotic) lesions (Preston, 2000). 

Lacking a circulatory system and specialized immune cells, plants depend on the ability of 

every cell to recognize potentially pathogenic microbes and initiate immunity. For this, plants 

exploit cell surface-localized pattern recognition receptors (PRRs), which allow the detection 

of conserved microbial molecules, so called microbe- or pathogen-associated molecular 

patterns (MAMPs or PAMPs) (Boller and Felix, 2009). In the case of immunity against 
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bacterial pathogens, a major PRR is the receptor kinase FLAGELLIN-SENSING 2 (FLS2) 

which recognizes bacterial flagellin through its conserved elicitor-active epitope flg22 

(Gómez-Gómez et al., 1999). Studies show that flg22 triggers defense responses in whole 

seedlings, leaves, and roots (Zipfel et al., 2004; Millet et al., 2010; Jacobs et al., 2011). This 

suggests that the receptor is expressed in these tissues, which is consistent with findings of 

mRNA expression studies and FLS2-GFP imaging (Gómez-Gómez and Boller, 2000; 

Robatzek et al., 2006). These observations generally imply that defense components like FLS2 

might be constitutively expressed, but this might lead to an unwanted activation of defense 

responses which can negatively impact plant processes such as growth. A typical response, 

which can be observed for plants that are exposed long-term to flagellin, is the reduction in 

plant growth, due to a defined trade-off between immune and hormonal signaling (Gómez-

Gómez et al., 1999; Navarro et al., 2006; Navarro et al., 2008; Lozano-Durán et al., 2013). 

Publicly available gene expression data (Arabidopsis eFP browser: http://bar.utoronto.ca/efp/ 

cgi-bin/efpWeb.cgi; Faulkner and Robatzek, 2012) revealed that FLS2 is not expressed at 

similar levels throughout the plant. For example, FLS2 does not have measurable expression 

in root cells, despite flg22 triggering some defense responses in this organ (Millet et al., 2010; 

Jacobs et al., 2011). In leaves, FLS2 exhibits a more specific cellular function since flg22 

perception seems to play a predominant role in stomatal immunity (Zipfel et al., 2004; Zeng 

and He, 2010). Recent studies showed that FLS2 transcriptional activation depends on 

ethylene (ET) signaling involving binding of the transcription factors ETHYLENE-

INSENSITIVE 3 (EIN3) and ETHYLENE-INSENSITIVE3-LIKE 1 (EIL1) (Boutrot et al., 

2010; Mersmann et al., 2010), and is positively regulated by its own ligand and other microbe-

associated molecular patterns (MAMPs) (Zipfel et al., 2004; Zipfel et al., 2006). These 

observations indicate that FLS2 expression is under spatio-temporal control, but the extent to 

which the transcription of FLS2 is regulated remains unknown. 

Here, we demonstrate that the FLS2 promoter is active in a cell type- and tissue-specific 

manner and is up-regulated in response to hormones and stress. Using transgenic Arabidopsis 

plants producing β-glucuronidase (GUS) under the control of the FLS2 promoter, we detected 

GUS activity in all organs, of which highest levels were found in hydathodes, stomata and the 

vasculature, representing prominent entry sites and target tissues of bacteria in plants. Tissue-

specific Ca2+ measurement shows the vasculature is responsive to flg22. Detail imaging 

furthermore revealed that FLS2 is present in roots but restricted to outgrowing lateral roots 

(LR) and the inner central cylinder, suggesting a specific role for FLS2 in these tissues. 
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Hormones, wounding, abiotic and biotic stress can differentially activate pFLS2:GUS in 

specific tissue layers. Altogether, this study provides a detailed expression map of a major 

plant immune receptor and reveals spatio-temporal control of the PRR promoter activity for 

optimal plant defenses upon pathogen attack.  

 

2.1.3 Results 

2.1.3.1 FLS2 is highly expressed in stomata, hydathodes and wound sites in leaves 

To investigate the promoter activity of FLS2 at the tissue level, we generated transgenic 

Arabidopsis thaliana lines containing the putative promoter sequences of the FLS2 gene fused 

to GUS. We used a ~900 base pair (bp) genomic sequence upstream of the start codon of FLS2 

(Fig. S2.1), which was sufficient to fully complement an fls2 mutant expressing the FLS2-

GFP fusion protein (Zipfel et al., 2004). In silico motif analysis of the promoter sequence 900 

bp upstream of AT5G46330 revealed the presence of a TATA box motif and several cis-

elements such as W-boxes, known binding sites of WRKY transcription factors (Fig. S2.1). 

Two binding sites in the region were previously shown to be occupied by EIN3 and EIL1, 

transcription factors of the ET pathway mediating FLS2 expression (Boutrot et al., 2010).  

Monitoring GUS accumulation in the pFLS2:GUS lines during plant development, we could 

confirm that the FLS2 promoter exhibited expression in all organs examined (Fig. S2.2). In 

two-day old seedlings, a clear blue staining could be detected in the developing cotyledons 

and root. In older seedlings, a prominent staining occurred additionally at the vascular tissue 

of cotyledons and hypocotyl (Fig. S2.2). At later stages of plant development, stipules, small 

leaf-like appendage at the bases of leaves, as well as floral and reproductive organs including 

petals, stamen and the dehiscence zone in mature siliques conferred a clearly visible 

pFLS2:GUS expression (Fig. S2.2).  

As FLS2-mediated immunity is predominantly studied in the Arabidopsis interaction with the 

leaf infecting pathogen Pseudomonas syringae pv. tomato DC3000 (Pto DC3000), we focused 

on the basal pFLS2:GUS expression in different leaf developmental stages (Fig. S2.3a). In 

cotyledons and the first pair of true leaves, the promoter expression showed a homogenous 

pattern throughout the leaf tissue with higher expression levels in the vascular tissue and 

hydathodes (Fig. 2.1a,c,e). In younger leaves, GUS staining exhibited a more patchy 

distribution throughout the leaves (Fig. 2.1b; Fig. S2.3b), but continuously showed a strong 

staining in hydathodes (Fig. 2.1d). At the cellular level, pFLS2:GUS expression was 
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significantly visible in mesophyll and phloem, as well as in epidermal cells, such as in the 

guard cells of the stomata (Fig. 2.1e,g). Notably, the mesophyll cells underneath the stomatal 

openings, forming the sub-stomatal cavity, had clear promoter activity as revealed by cross 

sectioning of leaf tissues (Fig. 2.1f).  

The sub-stomatal expression pattern is correlated to cells exposed to early invasion of bacteria, 

which enter the apoplastic space underneath stomata. To visualize the entry of bacteria in 

Arabidopsis leaves, we incubated Col-0 plants with a GFP transformed Pto DC3000 strain 

(Fig. S2.4a). The GFP-labelled bacteria were clearly visible at epidermal cells and within the 

openings of stomata (Fig. S2.4a). Bacterial accumulation was often detectable in the 

intercellular space of mesophyll cells directly underneath stomata (Fig. S2.4a). We next tested 

whether the presence of bacteria on the leaf surface would have an influence on the FLS2 

promoter activity. Overnight incubation of 14-18 days-old plants with Pto DC3000 led to a 

strong visible GUS staining in stomatal guard cells in leaves and the hypocotyl (Fig. 2.1h; Fig. 

S2.3d).  

Bacteria also take advantage of wound sites and cracks in the epidermis to enter plant tissues, 

and we therefore investigated the influence of wounding on the FLS2 promoter activity. In 

general, in young leaves the pFLS2:GUS activity was very low without stimuli (Fig. 2.1b). By 

contrast, wounding of leaves led to up-regulation of the promoter around the wound sites (Fig. 

2.1i; Fig. S2.3c), which was not obvious in cotyledons and 1st true leaves (Fig. S2.3c). All 

these findings reveal that high levels of FLS2 expression in leaves occur in cells and tissues 

that represent natural entry sites of bacteria, or can become entry sites due to wounding. 
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Fig. 2.1 FLS2 is differentially activated in leaves. Representative images of pFLS2:GUS expression. (a) 1st 

pair of true leaves. (b) 2nd pair of true leaves. Arrows show strong expression in hydathodes from (c) cotyledons 

and (d) 2nd pair of true leaves. (e) Promoter activity in cotyledons; dashed boxes show expression (e’) in stomata 

(arrow) and (e’’) group of mesophyll cells (circle). Cross section of cotyledons (f) shows guard cell expression 

(arrow) and high GUS staining in mesophyll cells surrounding the stomatal cavity (asterisks); (g) shows high 

expression in leaf veins (asterisk) and mesophyll. (h) Pto DC3000 increases promoter activity in stomata from 

1st pair of true leaves compared to mock (MgCl2) treatment. Inset shows an enlarged stoma. (i) Wound-induced 

GUS staining in 2nd pair of true leaves. (a, b, e, h, i) bar = 1mm, (c, d) bar = 0.1mm.  
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2.1.3.2 FLS2 shows specific expression patterns and flg22 responses in roots 

In roots, the pFLS2:GUS lines showed a basal expression in the root vascular cylinder starting 

at the root differentiation zone; no GUS expression could be observed in the root meristematic 

zone (Fig. 2.2a,b). Under sterile conditions, the highest expression was restricted to the inner 

cellular layers of the root, the vascular cylinder (Fig. 2.2b). In root cross sections, a 

pronounced accumulation of GUS precipitate was observed in cells inside of the endodermis 

(Fig. 2.2c) and this expression maxima correlated with a high accumulation of the 

pFLS2:FLS2-GFP fusion protein in the stele as revealed by co-staining the roots with the 

apoplastic tracer propidium iodide, of which uptake is blocked at the endodermis (Alassimone 

et al., 2010; Fig. 2.2d). These observations are consistent with the accumulation of the native 

FLS2 protein in roots as revealed by immunoblot analysis (Fig. 2.2g). This basal expression 

pattern of FLS2 in roots may protect the plant from bacterial infections of the vasculature and 

ultimately colonization throughout all tissues. 

One of the earliest responses to MAMPs is a transient and rapid (within seconds) increase of 

free intracellular Ca2+ ([Ca2+]i), which subsequently (within minutes) declines to steady-state 

[Ca2+]i levels (Blume et al., 2000; Ranf et al., 2008). This [Ca2+]i 
+ increase was shown to be 

crucial for many of downstream responses. To test whether the vasculature tissue is sensitive 

to flg22 stimulation, we took advantage of GAL4-mediated vascular enhancer trap line KC274 

expressing the Aequorin (AEQ) specifically in the vasculature (Martí et al., 2013). Treatment 

with flg22 induced a rapid increase in [Ca2+]i in both the vasculature-specific KC274;UAS 

aequorin line and in the line, in which aequorin was expressed constitutively under the control 

of CaMV35S promoter (Fig. 2.2f). The magnitude of the reported flg22-induced increase in 

[Ca2+]i was greater when aequorin was targeted specifically to the vasculature tissue in KC274 

(Fig. 2.2f) suggesting that FLS2 in the vasculature mediates a typical early flg22 response and 

indicates that this tissue contributes to the source of the MAMP-induced [Ca2+]i burst in plants.  

To gain further insights into the functional relevance of FLS2 presence in roots, we studied 

the phosphorylation of mitogen-activated protein kinases (MAPKs) upon flg22 elicitation. 

Immunoblot analysis revealed a specific flg22-induced activation of MAPK in root tissue of 

Col-0 but not fls2 mutants demonstrating that FLS2 in roots activates similar signaling 

responses as shown for leaf tissues (Fig. 2.2h). 
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We further explored the root’s response to flg22 elicitation on a more global scale, and 

performed whole transcriptome expression analysis. Sterile grown seedlings (Ler) were mock 

and flg22 treated and roots were harvested after 30 minutes. ATH1 microarray expression 

analysis revealed flg22-regulated genes overlapping with those identified from whole seedling 

expression analysis (Zipfel et al., 2004), but also identified about 75 genes specifically up-

regulated in roots (Fig 2I). 53 of these genes showed more than 2.5 fold induction after flg22 

treatment (Table S2.1: http://jxb.oxfordjournals.org/content/65/22/6487/suppl/DC1). Sixty-

five of these genes have their highest expression values during root development (eFP Browser 

http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), which confirmed the enrichment for root-

specific processes (Table S2.1: http://jxb.oxfordjournals.org/content/65/22/6487/suppl/DC1). 

These genes exhibited specific gene transcriptional changes in roots after flg22 with roles in 

hormone and stress signaling, like auxin- and ET-mediated pathways (AT1G59500, 

AT5G65600, AT1G72360, AT5G46080), root and lateral root (LR) development 

(AT4G31500, AT5G13080), or signaling and defense pathways (AT2G17060, AT3G21650) 

(Table 2.1). Taken together, our data show that not only FLS2 promoter activity is present in 

roots, but also the functional protein. Root-specific activation of FLS2 reveals a subset of 

genes, which are specifically enriched after flg22 treatment, pointing at additional functions 

of this receptor in roots. 
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Fig. 2.2 Roots exhibit specific FLS2 expression patterns and tissue specific responsiveness to flg22. In 

sterile-grown roots eight days after germination of pFLS2:GUS, the promoter activity is not present in  root tips 

(a), but shows a high expression in the root stele (b) as revealed by  root cross section (c); bar = 10 µm. (d) 

Confocal micrographs of pFLS2:FLS2-GFP show accumulation of GFP signal in inner part of the stele (arrow 

heads point to inhibited uptake of propidium iodide at endodermis; bar = 10 µm. (e) Digital cross section with 

plasma membrane localization of FLS2-GFP at cortex cells (arrow heads) and in the root cylinder (block arrow). 

Autofluorescence of xylem marked with asterisks. (f) Changes in [Ca2+] values in mock-treated control (water, 

35 seconds) or in response to flg22 (100 nm, 35 seconds) in 35S:AEQ seedlings and the vasculature enhancer 

trap line KC274. Luminescence was measured over 1200 seconds. Data are presented as means ± SD, n=4 

(mock), n=6 (flg22). (g) Immunoblot of detected FLS2 protein in roots and shoots. Samples were enriched for 

glycosylated proteins using ConA. (h) Immunoblot detection of phosphorylated MAPKs present in Col-0 after 1 

µM flg22 (10 minutes) treatment but not in fls2. (i) GO ontology of enriched genes specifically up regulated in 

Ler roots after flg22 treatment (10 µM, 30 minutes). 

(a) (b) (c) (f) 

(g) (i) 

(h) 

(d) (e) 
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Table 2.1 Flg22-induced genes in roots: candidates with maximum expression in roots. 
 

Gene 
Flg22 fold 

induction 

Maximum 

expression 

level 

Annotation Biological process 

H
o
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e

 a
n

d
 s

tr
e

ss
 s

ig
n

a
li

n
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AT1G59500 6.67 3915.41 (1) 
GH3.4; indole-3-acetic 

acid amido synthetase 

auxin homeostasis, response to auxin 

stimulus  

AT5G65600 5.3 1132.13 (2) 

legume lectin family 

protein / protein kinase 

family protein 

protein phosphorylation, response to 

ethylene stimulus  

AT1G08050 4.46 2268.52 (2) 

zinc finger (C3HC4-type 

RING finger) family 

protein 

MAPK cascade,abscisic acid mediated 

signaling pathway, cell 

communication 

AT5G11920 4.2 8344.6 (2) 
AtcwINV6 (6-&1-fructan 

exohydrolase) 

carbohydrate metabolic process, 

regulation of hydrogen peroxide 

metabolic process 

AT1G15670 4.05 14417.2 (2) 
kelch repeat-containing F-

box family protein 

negative regulation of cytokinin 

mediated signaling pathway  

AT5G67340 3.94 3905.65 (2) 
armadillo/beta-catenin 

repeat family protein  

ER-nucleus signaling pathway, MAPK 

cascade,  negative regulation of 

defense response 

AT1G72360 3.76 11466.3 (2) 
ethylene-responsive 

element-binding protein 

cellular response to ethylene 

stimulus, regulation of transcription 

AT3G28580 3.76 8339.31 (2) 
AAA-type ATPase family 

protein 

response to abscisic acid stimulus, 

response to ethylene stimulus  

AT5G46080 3.62 890.14 (2) 
protein kinase family 

protein 

ethylene biosynthetic process, 

protein phosphorylation  

AT5G01550 3.08 1208.89 (2) 
LECRKA4.2 (LECTIN 

RECEPTOR KINASE A4.1);  

abscisic acid mediated signaling 

pathway, protein phosphorylation, 

response to chitin 

AT3G13100 2.66 2294.74 (2) ATMRP7; ATPase 
response to other organism, salicylic 

acid biosynthetic process 

R
o

o
t 

d
e

v
e

lo
p

m
e

n
t 

AT4G31500 3.44 17621.3 (2) 
CYP83B1 (CYTOCHROME 

P450 MONOOXYGENASE) 

adventitious root development, 

callose deposition in cell wall during 

defense response 

AT1G67980 3.42 1164.11 (2) 
CCoAMT; caffeoyl-CoA O-

methyltransferase 
lignin biosynthetic process  

AT3G45960 2.83 1535.55 (2) 
ATEXLA3 (Arabidopsis 

thaliana expansin-like a3) 

plant-type cell wall loosening, plant-

type cell wall organization 

AT5G13080 2.58 3789.39 (2) 
WRKY75; transcription 

factor 

cellular response to phosphate 

starvation, lateral root development,  

response to ethylene stimulus   

S
ig

n
a

li
n

g
/D

e
fe

n
se

 AT2G17060 3.79 561.85 (2) 
disease resistance protein 

(TIR-NBS-LRR class) 

defense response, signal 

transduction  

AT4G28350 3.66 1223.16 (2) 
lectin protein kinase 

family protein 

defense response to fungus, protein 

phosphorylation, response to chitin  

AT1G64400 3.09 2202.11 (2) 
long-chain-fatty-acid-CoA 

ligase 

defense response to insects, fatty 

acid biosynthetic process 

AT3G21650 2.74 900.65 (2) 
serine/threonine protein 

phosphatase 2A (PP2A) 
      signal transduction 

(1) Lateral root 

(2) Root 
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2.1.3.3 FLS2 is highly expressed in emerging lateral roots 

In soil, roots are exposed to a variety of microorganisms, both pathogenic and beneficial. 

Interestingly when plants were grown under non-sterile conditions, we observed an up-

regulation of the FLS2 promoter expression in the endodermis and cortex cells but not in 

epidermal cells showing that the pFLS2:GUS expression in roots is not restricted to the 

vascular cylinder but can expand at least to the cortical cell layer (Fig. S2.5a,b). 

This expansion of the promoter activity to different tissues became also apparent during the 

developmental process of LR growth.  The pFLS2:GUS lines exhibited significant staining in 

the LR primordia and outgrowing LR (Fig. 2.3a-d). When reaching a certain developmental 

stage, the promoter activity was restrained again in the vascular cylinder of the developed LR 

and no staining was found in the tip of the LR, similarly as observed for the primary root tip 

(data not shown). Outgrowing LRs provide prominent entry points of bacterial pathogens as 

the outgrowth from the pericycle to the outer epidermis is accompanied by epidermal cracks, 

where bacteria can easily attach and gain access to root tissues (Fig. S2.4; Dong and Iniguez, 

2003; Tyler and Triplett, 2008). Thus, similar to leaves promoter activity can be found in cells 

vulnerable for bacterial infection. 

 

2.1.3.4 Flg22 regulates lateral root growth and auxin distribution 

Long-term treatment with flg22 leads to inhibition of root growth in wild-type seedlings 

(Gómez-Gómez et al., 1999). We extended this study and observed that the flg22-dependent 

inhibition of root growth (Fig. S2.5c) was accompanied with a reduced number of LR (Fig. 

2.3e,f). As LR initiation is strongly dependent on auxin accumulation in the cells primed for 

LR outgrowth (Dubrovsky et al., 2008), we analyzed whether flg22 treatment might interfere 

with auxin distribution and maxima during root and LR growth. We treated DR5-GFP (auxin-

responsive GFP) lines with flg22 and found that the auxin maxima in the LR primordia are 

reduced after 72 hours of flg22 treatment compared to the mock-treated control line (Fig. 

2.3g). In addition, we observed in the flg22-treated DR5-GFP seedlings GFP signals in the 

root epidermal cells, which were not present in control lines (Fig. 2.3g). Thus, these data 

showed that flg22 does influence auxin distribution in a cell type-specific manner. The ectopic 

up-regulation of auxin in the epidermal cells as well as the down regulation of auxin in the LR 

primordia might contribute to the flg22-dependent inhibition of root and LR growth. This 

correlates with the identification of AT1G59500 and AT1G68765 from our transcriptome data 

set, which are known auxin-responsive genes (The Arabidopsis Information Resource 
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(TAIR)), and is in agreement with previous studies showing that auxin and auxin-responsive 

genes are also regulated by flg22 (Navarro et al., 2006, Zipfel et al., 2004). Our findings are 

also consistent with reduced DR5-GUS expression in roots and inhibition of auxin-mediated 

adventitious root growth when stimulated with oligogalacturonides (OGs), components of the 

plant cell wall known to trigger plant defenses similar to MAMPs (Savatin et al., 2011). 
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Fig. 2.3 Flg22 affects growth of FLS2-expressing lateral roots and auxin distribution. (a) pFLS2:GUS 

seedlings (ten days after germination) show prominent GUS staining in outgrowing lateral roots (LR) (arrows); 

bar = 50 µm. (b) Cross section of LR outgrowth (arrows); bar = 10 µm. (c) Promoter activity is present in 

developed LR; bar = 50 µm. (d) Cross section of developed LR; bar = 10 µm. (e) Picture depicts 12 days after 

germination Col-0 and fls2 seedlings with and without flg22 (1 µM) treatment, red arrows point at LR. (f) Graph 

shows quantification of LR per cm root length in Col-0 and fls2 seedlings with and without flg22 treatment (1 

µM); bars represent average of three independent experiments, error bars represent SD, statistical significance 

represented with a Student’s t-test (p-value > 0.001). (g) Confocal micrographs show roots of DR5-GFP 

transgenic seedling roots (ten days after germination) incubated for 72 hours with or without flg22 (1 µM); 

arrowheads point to GFP signals in epidermal cells of flg22 treated seedlings; middle and bottom panels depict 

different developmental stages of lateral root formation along the axis of ten days-old roots; arrows point to DR5-

GFP signals marking LR primordia; bar = 50 µm.  
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2.1.3.5 Hormones and stress signals regulate FLS2 expression in different root tissues 

Pattern-triggered immunity (PTI) is highly regulated by the action of phytohormones like 

salicylic acid (SA), ethylene (ET), and jasmonate (JA) (Bari and Jones, 2009). In this context 

we studied the effect of different hormones and abiotic stresses, which are known to play 

important roles in PTI responses for their effect on FLS2 promoter activity. In mock-treated 

roots, pFLS2:GUS expression was visible in the root late elongation zone, as described above 

(Fig. 2.2a; Fig. 2.5). Additionally we observed in ~20% of the control roots a distinct GUS 

staining in root cap cells directly underneath the root meristem (Fig. 2.4a).  Incubation with 

flg22 led to an increased FLS2 promoter activity in the root tip starting at the transition zone 

extending to cortical cells in the differentiation zone (Fig. 2.4a,b). When treated with SA, 

pFLS2:GUS roots showed a strong blue staining in the vasculature, which started closely after 

the meristematic zone (Fig. 2.4a), but did not extent to the cortex and also not to the 

differentiation zone (data not shown). Treatment with H2O2 or the ET precursor 1-

aminocyclopropancarbonic acid (ACC) provoked an almost uniform promoter activity in the 

root cap, root meristem and root epidermal cells (Fig. 2.4a,b). However, ACC induced 

pFLS2:GUS activity in the vasculature to a much higher extent compared to H2O2 or mock 

treatment (Fig. 2.4b).  

 

Fig. 2.4 Induced FLS2 expression in roots is regulated in a tissue-dependent manner. (a) Promoter activity 

in the root tip of pFLS2:GUS seedlings (eight days after germination) after treatment with flg22 (10 µM), SA (50 

µM), H202 (1 mM), ACC (10 µM) and IAA (10 µM). (b) Promoter activity in root differentiation zone after flg22 

(10 µM), H202 (1 mM) and ACC (10 µM) treatment; (a, b) bar = 100 µm. 

 

We also tested whether the promoter of FLS2 is auxin-responsive. The emergence of LR 

primordia becomes highly induced by incubation with the auxin analogue indol-3-acetic acid 

(IAA), which exhibited clear FLS2 promoter activity (Fig. 2.4a). However, GUS accumulation 

was specific to LR primordia and the vasculature in IAA-treated roots and no GUS staining in 

cortex cells was observed. These experiments revealed that flg22, SA, H2O2 and ET all 

(a) (b) 
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influence the expression activity of the FLS2 promoter, but the responses are specific to 

different tissue layers in the root (Fig. 2.4). In summary, our study identifies an unexpected 

level of tissue-dependent FLS2 expression regulation in response to a variety of different 

stresses (Fig. 2.5).  

 

Fig. 2.5 Model summarizing FLS2 cell-type and tissue-specific expression patterns. Cartoon depicts (a) 

promoter activity of FLS2 in leaves (b) and roots; (c) stress responsiveness of the promoter in roots; and (d) 

flg22-dependent ectopic up-regulation of auxin in root epidermal cells. 

 



TISSUE-SPECIFIC FLS2 EXPRESSION IN ROOTS CHAPTER 2 

 

– 63 – 

 

2.1.4 Discussion 

The prevailing view in plant immunity is that all plant cells are capable of pathogen perception 

and initial defense responses. This would require constitutive expression of at least the primary 

sensors of the immune system. Based on plant-scale expression analysis, FLS2 was found in 

all plant organs including flowers, leaves, stems and roots (Gómez-Gómez and Boller, 2000; 

and this study). However, cell type-specific responses might play an important role in the 

context of how plants initiate defense responses against potentially invasive pathogens, but 

not fend off beneficial microbes that are often needed for plant growth especially in nutrient-

low conditions (Bulgarelli et al., 2013). It was therefore proposed that the cellular and tissue 

location of immune components is essential to mount the appropriate defense responses, and 

that they should be best located at putative entry sites of pathogens to efficiently inhibit their 

invasion (Faulkner and Robatzek, 2012). In this study, we followed the FLS2 promoter activity 

and identified that while FLS2 is generally expressed in all tissues, there are remarkable 

differences in the level of the expression regulated in a cell type-specific and developmental 

manner. In addition, the FLS2 promoter activity is responsive to several hormones playing 

roles in plant immunity such as SA and ET, which themselves are induced upon flg22 

elicitation (Felix et al., 1999; Tsuda et al., 2008). Consistently, these and our observations 

show that FLS2 expression in positively feedback regulated to fine-tune the immune response.  

 

2.1.4.1 Prominent entry sites of potential pathogens are guarded by high FLS2 

expression 

Hydathodes are pores at the leaf margin that are continuous with the xylem. Hydathodes are 

targeted by pathogenic bacteria such as Xanthomonas campestris pv. campestris, as points of 

access into plant tissue (Hugouvieux et al., 1998). The stomatal pores (Zeng and He, 2010) 

represent another prominent entry route of bacterial pathogens. Stomata close upon MAMP 

perception to restrict pathogen entry and successful pathogens secrete effectors such as 

HopM1, syringoline and coronatine that inhibit the closure and/or actively induce re-opening 

(Melotto et al., 2006; Schellenberg et al., 2010; Zeng and He, 2010; Lozano-Durán et al., 

2014). Both cell types are characterized by a high promoter activity of FLS2 compared to the 

surrounding mesophyll cells (Fig. 2.1c) suggesting that cells at tissue entry points are 

particularly well equipped to detect invading pathogens. Further, the mesophyll cells forming 

the sub-stomatal cavity also exhibit a higher FLS2 promoter activity (Fig. 2.1f; Fig. 2.5). 

Previous data show that FLS2 mediates immunity at the level of stomatal entry (Zipfel et al., 
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2004; Zeng and He, 2010). In agreement, stomatal expression of FLS2 is enhanced upon 

bacterial infection. GUS staining is more intense in guard cells relative to surrounding cells, 

indicating a guard cell-specific regulation of FLS2 promoter activity (Fig. 2.1h). Although we 

cannot rule out the possibility that the prominent GUS staining at hydathodes might be 

unspecific, FLS2 expression at this location is consistent with the fact that hydathodes mark 

the end points of the vasculature, another tissue exhibiting high FLS2 expression and 

importantly, responsive to flg22. The overall patterns of pFLS2:GUS expression we observe 

(Fig. 2.5a-c) are in agreement with publicly available expression data (eFPBrowser; Faulkner 

and Robatzek, 2012). 

Wounds and cracks in the epidermal layers represent sites of vulnerability with respect to 

pathogen infection. The bacterial colonization beyond these primary infection sites is 

dependent on secreted effectors such as syringoline promoting distant tissue colonization 

(Misas-Villamil et al., 2013). The FLS2 promoter is responsive to wounding in leaves (Fig. 

2.1i; Fig. S2.3c) suggesting that cells at these sites might depend on higher FLS2 levels to fend 

off pathogen invasion of neighboring tissues. This is consistent with a previous study, which 

revealed that higher protein levels of FLS2 contribute to more flg22 binding and are positively 

associated with reduced Pto DC3000 proliferation (Vetter et al., 2012). 

Plants have also “natural” wounds, which occur during the emergence of LR. These manifest 

as ruptures in the epidermal cell layer around the LR meristem. Detailed observations of 

bacterial colonization of roots led to the assumption that bacteria use these LR emergence sites 

as entry routes in the roots (Dong and Iniguez, 2003; Tyler and Triplett, 2008; Fig. S2.4b). 

Although in developed roots FLS2 expression was not present in the meristem, the FLS2 

promoter exhibited a strong activity in the LR primordia and outgrowing LR (Fig. 2.3a-d). 

These observations indicate the FLS2 expression is highly dynamic and regulated in a cell-

type and development-dependent manner (Fig. 2.5b,c). Considering that LRs do not possess a 

root cap, which can also function as a MAMP-reactive physical barrier to the root meristem 

(Plancot et al., 2013), it might be essential for a plant to guard the LR meristem. 
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2.1.4.2 The vasculature is a tissue with high FLS2 expression 

Evidently, the vasculature provides excellent means for pathogens to spread throughout the 

plant. Together with the vasculature being rich in nutrients and water, this makes the 

vasculature a very attractive target tissue for pathogens. In plant interactions with a fungal 

pathogen, strong lignification of vascular bundles is associated with a compromised infection 

(Tanaka et al., 2014b). One significant observation of our study is the defined and high activity 

of the FLS2 promoter in the root stele, which is correlated with a high abundance of the FLS2-

GFP fusion protein (Fig. 2.2b-e). Interestingly, high promoter activity in vascular tissue were 

also found for PEPR1 and PEPR2, receptors associated with damage-elicited responses and 

immunity (Bartels et al., 2013). In addition, we observed that the vasculature contributes to 

the flg22-induced increase in [Ca2+]I (Fig. 2.2f). It has been described that flg22 induces the 

production of lignin (Schenke et al., 2011) but whether lignification is part of the FLS2-

mediated immunity to prevent colonization and spread through the vasculature remains to be 

addressed. In the leaf, Pseudomonas bacteria colonize distant tissues along the vasculature 

(Misas-Villamil et al., 2011) whereas in the root, the bacterial pathogen Ralstonia 

solanacearum directly utilize plant xylem vessels to move through the plant (Digonnet et al., 

2012). It is tempting to speculate that the absence of elicitor-active flagellin promotes the 

infection success of Ralstonia solanacearum bypassing FLS2-mediated defenses in the 

vasculature (Pfund et al., 2004). 

While FLS2 expression is restricted to the stele under normal conditions, expression can be 

expanded to the cortex under certain stresses (Fig. 2.4; Fig. 2.5c) and it is shown that roots are 

sensitive to flg22 initiating typical defense responses (Millet et al., 2010; Jacobs et al., 2011; 

this study). It is possible that low expression of FLS2 in the root cortex allows the colonisation 

of this tissue by beneficial bacteria without triggering defense. High constitutive expression 

of FLS2 in the stele might provide an additional barrier to bacterial invasion of the vascular 

tissue beyond the cortex, and stress induced expansion of this zone of expression might reflect 

increased vulnerability of the tissue. Flg22-dependent gene induction was quite specifically 

activated in the elongation zone, whereas flg22-induced callose deposition was observed over 

the entire root length (Millet et al., 2010). However, whether these immune response are 

initiated in epidermal cells, cortex cells or inner cylinder cells needs to be addressed in future.  
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2.1.4.3 Auxin-mediated root development is responsive to flg22  

The long-term incubation with flg22 is known to inhibit root growth (Gómez-Gómez et al., 

1999) and this inhibition of root growth is accompanied by a reduced development of LR (Fig. 

2.3e,f). Auxin, an important plant hormone involved in the regulation of root cell elongation 

and LR outgrowth, is found to be ectopically up-regulated in the epidermal cells of flg22-

treated roots while down-regulated in the LR primordia (Fig. 2.3g; Fig. 2.5d). This is in 

agreement with studies describing a flg22-dependent antagonism for auxin activity, which 

leads to a rapid down-regulation of auxin- responsive genes and contributes to plant resistance 

against bacteria (Navarro et al., 2006). Ectopic up-regulation of auxin in root epidermal cells 

was also described to be involved in ET-dependent root growth arrest (Růzicka et al., 2007). 

As ET production is triggered by flg22 (Felix et al., 1999) it might be possible that these 

hormones are together integrated in the flg22-induced inhibition of root growth, with a 

possible outcome being that flg22 reduces putative bacterial entry points at LR. 

This interplay between the flg22 responses and hormone signaling is also reflected at the level 

of the FLS2 promoter activity, as seen by the influence of IAA and ACC on the expression of 

FLS2. ACC treatment as well as the high induction around wound sites is consistent with a 

direct control of FLS2 transcription by ET signaling (Boutrot et al., 2010; Mersmann et al., 

2010). Altogether, these findings show a positive regulation of FLS2 expression by hormones 

(ET and SA) and small signaling molecules such as ROS, which are produced upon flg22 

trigger (Bari and Jones, 2009). This positive transcriptional regulation might be important to 

deliver newly synthesized receptors to the plasma membrane since activated FLS2 is removed 

from the plasma membrane by endocytosis and degradation (Robatzek et al., 2006; Göhre et 

al., 2008; Smith et al., 2014). 

 

2.1.5 Concluding remark 

We show that the FLS2 promoter activity maps to vulnerable tissues targeted by bacteria for 

entry and colonization in plants. These findings will be useful to understand the tissue- and 

cell type-specific role of FLS2 in immune signaling, and will aid to develop strategies to 

enhance plant resistance by targeting defense to relevant tissues. 
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2.1.6 Materials and methods 

2.1.6.1 Plant materials and growth conditions 

The following Arabidopsis thaliana transgenic plants were used in this study (accession 

Columbia-0, if not otherwise indicated): fls2 (Zipfel et al., 2004) DR5:GFP (Benková et al., 

2003; courtesy of J. Friml). For microscopy, stress treatments and developmental studies, 

seedlings were grown for six to eight days on sterile 1x Murashige and Skoog plates 

supplemented with 1% sucrose and 0.8% phytoagar (w/v) under 16 hours light at 22°C. For 

Ca2+ measurement, the Col-0 35S:AEQ and GAL4-mediated vascular enhancer trap line 

KC274 was used (Martí et al., 2013). Seeds were surfaced sterilized and sown on half-strength 

0.5 x MS medium with 0.8% agar (w/v). Seedlings were grown in long day conditions at 19°C, 

light intensity 50 μmol m-2 s-1 (Sanyo MLR30 growth cabinet) for 12 days. For non-sterile 

conditions used in developmental studies, plants were grown for 2-8 weeks on soil in 

controlled environments (12 hours light, 22°C and 60% humidity).  

 

2.1.6.2 Gene constructs and plant transformation  

The promoter of FLS2 (988bp) was used from pFLS2:FLS2-GFP (Robatzek et al., 2006) and 

fused to the GUS gene, which was isolated from pGUS Topo via BamHI and HindIII 

restriction digest and inserted into pFLS2:pCAMBIA2300 resulting in pFLS2:GUS-

pCAMBIA2300. Col-0 plants were transformed by the floral dipping method (Clough and 

Bent, 1998). Transformants were selected for kanamycin resistance. Our experiments were 

repeated in two independent transgenic lines of the T3 generation. 

 

2.1.6.3 GUS staining 

All samples were processed according to the method described by Block and Debrouwer 

(1992), with 1 mM of 5-bromo-4-chloro-3- indolyl-D-glucuronide (X-Gluc) in staining buffer 

[0.1 M NaH2PO4, 0.1 M Na2HPO4, 10mM EDTA, 2 mM FeK3(CN)6, 2mM FeK4(CN)6 x3 

H2O, pH 7.0, 0.1% v/v Triton X-100] at room temperature for 2-18 hours. Samples were fixed 

and destained with EtOH/Acetic Acid (v/v 50%). Specimen were examined using the Leica 

M165 FC stereomicroscope.  
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2.1.6.4 Embedding and sectioning 

Tissue was fixed in 2.5% glutaraldehyde or 4% paraformaldehyde, followed by washing in an 

ethanol series 30%, 50%, 70%, 90%, 100%, for 30 minutes each. Pre-infiltration of the tissue 

was done for two hours with 50:50 (v/v) ethanol: Technovit®7100 (Heraeus-Kulzer, Germany) 

base liquid. The preparation solution (Technovit®7100. see embedding protocol) was 

infiltrated and tissue samples were left for polymerization. Samples were sectioned in 10 µm 

thickness by using an ultramicrotome Ultracut E (Reichert-Jung/ Germany). 

 

2.1.6.5 Microscopy 

Standard confocal laser microscopy was performed using the laser point scanning microscope 

Leica SP5. GFP/ Propidium Iodide was excited using the 488 nm argon laser, and fluorescence 

emissions were captured between 500 and 550 nm for GFP and between 580 and 640 nm for 

Propidium Iodide. Seedlings were incubated for 20 min in 10 µg/ml Propidium Iodide 

solution. 

 

2.1.6.6 Stress treatments 

The chemicals were diluted in ½ MS media to their respective working solutions: 10 µM flg22 

(10 mM in dH2O), 50 µM SA (100 mM in DMSO), 1 mM H202 (1.5 M), 10 µM ACC (10mM 

dH20), 10 µM IAA (100 mM dH20). ½ MS was used as mock treatment. For each treatment, 

seedlings (8-10 days after germination) were transferred from agar plates and incubated in 

respective solutions for 48 hours under 16 hours light at 22°C, followed by GUS staining. For 

bacterial stress and wound treatments, detached leaves of three to four weeks-old soil-grown 

plants were used. Detached leaves were submerged in 10 mM MgCl2 (mock) or with Pto 

DC3000 (OD 0.1) in 10 mM MgCl2 solution, slightly shaking for 24 hours at RT. Wound 

stress was inflicted by a sharp needle on ten detached leaves mounted on ½ MS agar and left 

on plates for 4-6 hours at RT before staining. All stress treatments were done with at least ten 

seedlings or ten leaves of the two independent T3 transgenic lines at the same developmental 

stage. Images show representative results of three biological repetitions.  
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2.1.6.7 Ca2+ measurements 

Seedlings grown for 12 days were supplied with ½ MS liquid medium supplemented with 20 

μM coelenterazine (Nanolight) and incubated overnight in dark at room temperature. 

Luminescence measurements were performed using plate reader FLUOstar OPTIMA (BMG 

LABTECH). Luminescence from single wells was measured over 35 seconds and flg22 

(EZBiolab) dissolved in ½ MS was injected to a final concentration of 100 nM and measured 

at 15 seconds intervals for 1200 seconds. Mock treatment (water, 35 seconds) was performed 

with the same conditions. At the end of the experiment the remaining aequorin pool was 

discharged by treatment with final concentration of 1M CaCl2 in 10% (v/v) ethanol. 

Luminescence values were converted to estimates of [Ca2+]i according to Fricker et al. (1999). 

 

2.1.6.8 LR growth analysis 

Col-0 and fls2 mutants were germinated on 1 x MS plates and transferred three days after 

germination in liquid 1 x MS media without or with 1 µM flg22. After six days, the root length 

and number of lateral roots were determined. 

 

2.1.6.9 Immunoblot and ConA precipitation 

100 mg root tissue of seedlings (Col-0) vertically grown for two weeks on 1 x MS plates were 

homogenized in 0.2 ml of cold IP buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% (v/v) 

Nonidet P40 and protease inhibitor cocktail) and incubated for one hour at 4°C followed by 

centrifugation step (10,000 g for ten minutes, three times). The supernatant was incubated for 

one hour at 4°C with Concanavalin A (ConA)-sepharose beads (Amersham Biosciences) to 

enrich samples for glycosylated proteins. This was used as FLS2 is highly glycosylated 

(Häweker et al., 2010) and weakly detectable in root total extracts. The beads were collected 

and washed three times with ice-cold IP buffer. After denaturation in SDS-PAGE sample 

loading (0.35 M Tris-HCl pH 6.8; 30% [v/v] glycerol; 10% [v/v] SDS; 0.6 M dithiothreitol; 

and 0.012% [w/v] bromophenol blue), proteins retained on the beads were eluted by SDS-

PAGE sample loading buffer and separated by 7% SDS-PAGE. FLS2 was detected by 

immunoblot analyses with anti-FLS2 antibodies (Chinchilla et al., 2006). 
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2.1.6.10 MAPK activation in roots 

12 root systems of two week-old plants were placed in water and left over night. For MAPK 

detection in intact roots, 12 seedlings were placed overnight on split Petri dishes in order to 

treat roots separately of shoots. The following day, 1 µM flg22 was added to root tips for ten 

minutes and roots were dissected from shoot tissue immediately prior to freezing in liquid 

nitrogen. Tissue (50 mg per sample) was shock frozen in liquid nitrogen and ground into fine 

powder before addition of 50 µL SDS- extraction buffer (0.35 M Tris-HCl pH 6.8; 30% [v/v] 

glycerol; 10% [v/v] SDS; 0.6 M dithiothreitol; and 0.012% [w/v] bromophenol blue). Total 

proteins were separated by electrophoresis in 12% SDS-polyacrylamide gel and 

electrophoretically transferred to a polyvinylidene fluoride membrane according to the 

manufacturer’s instructions (Bio-Rad). Transferred proteins were detected with Ponceau-S. 

Polyclonal primary antibodies against phospho-p44/42 MAPK (Cell Signaling Technologies) 

were used, with alkaline phosphatase-conjugated anti-rabbit as secondary antibodies. Signal 

detection was performed using CDPstar (Roche). 

 

2.1.6.11 Microarray 

Landsberg erecta (ecotype Ler) seedlings and fls2-17 (Zipfel et al., 2004) were grown in liquid 

culture under constant shaking in 1 x MS media for 21 days. Plants were mock or flg22 (10 

µM, 30 minutes) treated, roots were harvested and stored at -80ºC for sample preparation. 

Experimental conditions for RNA extraction, microarray hybridizations, and statistical 

analyses were performed as in Zipfel et al. (2004). 
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2.1.8 Supplemental figures 

 

Fig. S2.1 Prediction of FLS2 promoter motifs 1000bp upstream of At5g46330. (a) Visualization of promoter 

motifs 1000 bp upstream of ATG. (b) Details of predicted promoter motifs 1000 bp upstream of ATG. Prediction 

with Athena: a resource for rapid visualization and systematic analysis of Arabidopsis promoter sequences 

(O’Connor et al., 2005; http://www.bioinformatics2.wsu.edu/Athena). 
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Fig. S2.2 FLS2 promoter activity during plant development. GUS is ubiquitously expressed in (a) two days-

old seedling, in (b) eight days-old seedling cotyledons and (c) hypocotyl; and highly expressed in (d) flower 

sepals and (e) stamen, in (f) pod dehiscence zone in mature siliques and (g) stipules.   

 



TISSUE-SPECIFIC FLS2 EXPRESSION IN ROOTS CHAPTER 2 

 

– 73 – 

 

 

Fig. S2.3 FLS2 promoter activity during leaf development, wound stress and biotic stress. (a) Definition of 

different leaf stages; (b) GUS staining of pFLS2:GUS transgenic plants in different leaf stages. Insert shows 

hydathodes. (c) Wound-induced promoter activity in different leaf stages. Insert shows hydathodes. (d) 

Hypocotyl after Pto DC3000 incubation with enhanced promoter activity in stomata (arrows), compared to mock 

treated (10mM MgCl2) hypocotyl; bar = 100 µm. 
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Fig. S2.4. Pto DC3000-GFP localization on leaves and roots. (a) Confocal micrographs showing Pto DC3000-

GFP (green) on Col-0 leaves, upper panel shows bacteria on epidermis, encircled are stomata, lower panel shows 

bacteria (arrow heads) in the apoplast of mesophyll cells (block arrows); chloroplast autofluorescence is 

represented in red. (b) Confocal micrographs showing DC3000-GFP (green) bacteria on Col-0 roots stained with 

propidium iodide (red); note the accumulation of bacteria (arrow heads) at outgrowing LR (block arrows). 

(a) 

(b) 
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Fig. S2.5 FLS2 promoter activity in non-sterile grown roots and flg22 dependent inhibition of root growth. 
(a) pFLS2:GUS activity in 14 days-old seedlings grown on soil, white arrow shows inner vasculature, black 

arrows mark expansion of GUS staining, bar = 50 µm. (b) Cross section of roots grown on soil, arrows mark 

expanded GUS activity in endodermis, bar = 10 µm. (c) Graph depicts root length of 12 days-old Col-0 or fls2 

treated with 1 µM flg22 or without (bars represent average of 3 independent experiments, error bars represent 

SD, statistical significance represented with Student’s t-test (p-value >0.001). 
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2.2 Tissue-specific FLS2 expression in roots restores immune 

responses in Arabidopsis fls2 mutants 
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2.2.1 Summary 

• The flagellin receptor of Arabidopsis, At-FLAGELLIN-SENSING 2 (FLS2), has 

become a model for mechanistic and functional studies on plant immune receptors. 

Responses to flagellin or its active epitope flg22 have been extensively studied in 

Arabidopsis leaves. However, the perception of microbe-associated molecular patterns 

(MAMPs) and the immune responses in roots are poorly understood. 

• Here, we show that isolated root tissue is able to induce pattern-triggered immunity 

(PTI) responses upon flg22 perception, in contrast to elf18 (the active epitope of 

elongation factor thermo unstable (EF-Tu)). Making use of fls2 mutant plants and 

tissue-specific promoters, we generated transgenic Arabidopsis lines expressing FLS2 

only in certain root tissues. This allowed us to study the spatial requirements for flg22 

responses in the root. 

• Remarkably, the intensity of the immune responses did not always correlate with the 

expression level of the FLS2 receptor, but depended on the expressing tissue, 

supporting the idea that MAMP perception and sensitivity in different tissues 

contribute to a proper balance of defense responses according to the expected exposure 

to elicitors. 

• In summary, we conclude that each investigated root tissue is able to respond to flg22 

if FLS2 is present and that tissue identity is a major element of PTI in roots. 
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2.2.2 Introduction 

Like animals, plants possess a multilayered defense system of innate immunity conferring 

resistance against pathogens. Plant cells are able to recognize conserved epitopes of microbe-

derived molecules called microbe-associated molecular patterns (MAMPs) such as bacterial 

flagellin (Felix et al., 1999) and bacterial elongation factor Tu (EF-Tu) (Kunze et al., 2004). 

Other MAMPs include lipopolysaccharides (Newman et al. 1995; Meyer et al., 2001) and 

peptidoglycans (Gust et al., 2007) as well as chitin, a major component of the fungal cell wall 

(Felix et al., 1993; Miya et al., 2007). Perception of MAMPs by pattern recognition receptors 

(PRRs) involves the induction of a set of immediate and long-term responses that are 

collectively referred to as pattern-triggered immunity (PTI) (Boller and Felix, 2009), leading 

to an enhanced resistance against the invading pathogen (Zipfel et al., 2004; Zipfel et al., 

2006). In Arabidopsis leaves, the initial recognition of the minimal active epitope of flagellin, 

flg22, by the receptor kinase FLAGELLIN-SENSING 2 (FLS2) is one of the best studied 

immunity pathways (Boller and Felix, 2009; Schwessinger and Ronald, 2012). Characteristic 

physiological downstream responses of FLS2 signaling such as the production of reactive 

oxygen species (ROS) in the apoplast (Torres et al., 2006), the activation of ET biosynthesis 

(Spanu et al., 1994), the change in ion fluxes across cellular membranes (Felix et al., 1999) 

and the phosphorylation of mitogen-associated protein kinases (MAPKs)  (Nühse et al., 2000) 

have been studied extensively in aerial plant tissues as part of plant immunity (Boller and 

Felix, 2009).  

However, although roots express the FLS2 receptor and respond to treatment of seedlings with 

elicitors (Gómez-Gómez and Boller, 2000; Robatzek et al., 2006; Millet et al., 2010; Jacobs 

et al., 2011; Beck et al., 2014), it remains unknown whether the root itself is capable of sensing 

the pathogen to induce defense responses or if the induction of defense in the root depends on 

the transport of a signal from the shoot. Moreover, little is known about how and where 

potential threats and beneficial interactions are perceived and distinguished within roots in 

order to implement an adequate response (Millet et al., 2010; Attard et al., 2010; Lakshmanan 

et al., 2012; Wang et al., 2012b).  

The Arabidopsis root structure is defined by specialized radially organized tissue layers (Dolan 

et al., 1993). The epidermis constitutes the physical barrier between the soil and the root cortex 

cells. The underlying endodermal cells surround the pericycle and the vascular tissues and 

provide a second barrier for solutes: the Casparian strip. Lateral roots emerge from the 

pericycle and break through the outer tissue layers and therefore the endodermal and epidermal 
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barriers. Unlike the root apex and meristem, which are coated by the root cap, the site of cell 

elongation is relatively unprotected since epidermal and endodermal tissues are locally not yet 

fully differentiated (Dolan et al., 1993). Bacterial root pathogens such as Ralstonia 

solanacearum can exploit such natural weaknesses in the root architecture as entry points to 

cross the root physical barriers (Digonnet et al., 2012; Faulkner and Robatzek, 2012). Once a 

pathogen has colonized the vasculature tissue, it can propagate throughout the whole plant and 

cause severe damage (Digonnet et al., 2012).  

To shed light on the mechanisms governing pathogen perception and defense activation, we 

tested isolated roots for their ability to induce PTI responses after flg22 treatment, thereby 

circumventing any interference of systemic defense signaling from the shoot. To investigate 

the root tissues susceptible to elicitation and the efficiency of PTI responses in specific root 

tissues, we studied flg22 perception and defense pathway activation in Arabidopsis transgenic 

lines expressing FLS2 under the control of tissue-specific epidermal, endodermal and 

pericycle promoters in the fls2 mutant background. 

Our results clearly demonstrate that local expression of FLS2 in roots leads to flg22-dependent 

downstream MAPK phosphorylation, the production of reactive oxygen species (ROS) and 

the induction of defense marker genes in isolated roots. Additionally, flg22 perception in any 

of the tested tissues is sufficient to trigger PTI responses but the intensity of the induced 

response appears to depend on the tissue in which the signal originates rather than on the 

expression level of the receptor, suggesting that tissue identity is a major factor of PTI in roots. 
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2.2.3 Results 

2.2.3.1 Perception of flg22 in isolated Arabidopsis roots 

As it is known that the recognition of MAMPs by plants activates the innate immune system 

and one of the earliest defense responses is the production of ROS (Torres et al., 2006), we 

assessed the ROS production following treatment with flg22 in isolated wild-type Arabidopsis 

roots over time. The results clearly demonstrate that wild-type roots are able to autonomously 

perceive flg22 and produce ROS shortly after treatment (Fig. 2.6a). We observed that elf18 

treatments did not elicit ROS production or MAPK activation in root tissues (Fig. S2.7b), 

while treatment of roots with flg22 caused phosphorylation of MPK3 and MPK6 already at 

concentrations as low as 1 nM (Fig. S2.a). The response of isolated roots to flg22 was 

completely abolished in the fls2 mutant, indicating the need for a specific recognition through 

the FLS2 receptor (Fig. 2.6a; Fig. S2.6; Fig. S2.). 

To further demonstrate that the root is able to induce PTI responses independently of the shoot, 

isolated root tissues were treated with flg22 and the expression of three defense marker genes 

was analyzed by real-time quantitative reverse transcription PCR (qRT-PCR). The selected 

genes under investigation were FRK1, encoding a flg22-induced receptor-like kinase (Asai et 

al., 2002), WRKY11, a transcription factor reported to be induced in the elongation zone of 

seedling roots after flg22 treatment of whole seedlings (Millet et al., 2010) and PER5, a 

peroxidase superfamily protein known to be involved in responses to oxidative stress (Tognolli 

et al., 2002), which has been shown to be induced upon flg22 treatment (Boudsocq et al., 

2010). Indeed, PER5 was strongly induced in isolated roots by flg22 and AtPep1 treatment 

but not by elf18 treatment and is thus suitable as a MAMP-responsive marker gene in roots 

(Fig. S2.). All genes investigated were up-regulated in isolated wild-type root tissues three 

hours after flg22 treatment, whereas no induction was detectable in fls2 mutant roots (Fig. 

2.6b). Our findings demonstrate that roots are able to respond to flg22 and to induce PTI 

responses in the absence of signals from the shoots. These results are consistent with the 

findings of previous studies showing that FLS2 is expressed in wild-type Arabidopsis roots 

(Gómez-Gómez and Boller, 2000; Robatzek et al., 2006; Beck et al., 2014) and that flg22 

treatment can trigger PTI responses in roots (Millet et al., 2010; Jacobs et al., 2011).  
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Fig. 2.6 Induced PTI responses in isolated root systems. (a) ROS production in isolated three week-old roots 

of wild-type Arabidopsis thaliana seedlings, treated with 1 μM flg22 or without elicitor. Graphs display averages 

of 12 replicates. Error bars show SE of the mean. (b) Induction of marker gene transcription in isolated two week-

old root tissues treated with 1 μM flg22 or buffer without peptide (control). Transcript levels of FRK1, WRKY11 

and PER5 were measured by qRT-PCR and first normalized to that of the reference gene UBQ10 before 

calculation of expression relative to that of the control. The bars represent the mean of three biological replicates. 

Error bars show ± SE of the mean. Significant differences with respect to the control according to Student's t-test 

are indicated by asterisks: *, P < 0.05; **, P < 0.01. RLU, relative light units. 

 

2.2.3.2 Expression of FLS2 under tissue-specific promoters 

In order to study the response to flg22 of Arabidopsis plants expressing FLS2 in specific root 

tissues, transgenic plant lines were generated in the fls2 mutant background, which express 

FLS2-GFP under the control of different tissue-specific promoters. The following six 

promoters were selected for this purpose.  

The promoter of UBQ10 (Czechowski et al., 2005), which is one of five polyubiquitin genes 

in Arabidopsis, was used as a control to drive expression of FLS2 in nearly all tissues of 

Arabidopsis. For expression of FLS2 in the pericycle, the promoter of LBD16 (Goh et al., 

2012), encoding a lateral organ boundaries (LOB)-domain protein, was used. Furthermore, the 

endodermal promoters ELTPpro and SCRpro were used. ELTP serves as a lipid transfer 

protein and its promoter drives strong expression in differentiating root endodermal cells 

(Roppolo and Vermeer, personal communication). In contrast, SCR encodes a member of a 

protein family having similarities to DNA binding proteins and is expressed in 

cortex/endodermal initial cells, the quiescent center and in the endodermal cell lineage (Di 

Laurenzio et al., 1996). To control expression in the central and lateral root cap, the root 

epidermis and in root hair cells, we employed the promoter of PGP4 (Terasaka and Blakeslee, 

2005), which encodes an auxin efflux transmembrane transporter.  

(a) (b) 
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Next, we used the promoter of WEREWOLF (Lee and Schiefelbein, 1999), a myeloblastosis 

(MYB)-related protein known to be active in non-hair root epidermal cells and in the lateral 

root cap.  

The specificity of the promoters was studied by investigating the spatial GFP accumulation in 

FLS2-GFP transgenic lines using confocal microscopy (Fig. 2.7). Several lines of each 

construct were analyzed and the line showing strongest GFP signal was selected for further 

analysis. Moreover, a line expressing FLS2-GFP under the control of its own endogenous 

promoter FLS2pro (Robatzek et al., 2006) was included. In line with our previous study, 

FLS2-GFP signal was mainly restricted to the vasculature when expressed under the FLS2 

promoter (Fig. 2.7; Beck et al., 2014; Chapter 2.1).  

As expected, the promoter of the UBQ10 gene drove FLS2-GFP expression in all tissues. The 

LBD16 promoter led to tissue-specific expression of FLS2-GFP in the pericycle of the early 

differentiation zone whereas the endodermal promoters ELTPpro and SCRpro (Di Laurenzio 

et al., 1996) were strongly active and drove high FLS2-GFP expression in the mature 

endodermis and the young endodermal cells. The GFP signal under the control of the 

epidermal promoter WERpro was detectable in the epidermis of the differentiation zone but 

the expression was lower in more differentiated tissues. In the PGP4pro:FLS2-GFP line, the 

FLS2-GFP signal was also present in the root cap and the epidermis. GFP expression in the 

elongation zone was only detectable in the SCRpro, PGP4pro and WERpro:FLS2-GFP lines 

(Fig. 2.7). Furthermore, the tissue-specific expression did not change or expand after flg22 

treatment or dissection of roots in any of the generated lines (Fig. S2.9), supporting the 

conclusion that these promoters are suitable for use in studying the effect of tissue-specific 

FLS2 localization after stress treatments. In contrast, FLS2-GFP under the control of the 

endogenous FLS2 promoter showed slight expansion towards outer tissues after dissection and 

treatment of roots with flg22 as previously reported (Fig. S2.9; Beck et al., 2014). Moreover, 

none of the lines displayed any noticeable phenotype (Fig. S2.10).  
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Fig. 2.7 FLS2-GFP accumulation under the control of tissue-specific promoters. Fluorescence microscopy 

of axenically grown five day-old transgenic Arabidopsis seedlings illustrates position-dependent GFP 

accumulation. Images show overlays of differential interference contrast and UV light pictures. The upper panel 

shows GFP expression in the early root differentiation zone (DZ), the middle panel that in the elongation zone 

(EZ) and the lower panel that in root tips and the meristematic zone (MZ). Bars, 100 μm. 

 

In addition, the FLS2 transcript and protein level in the transgenic lines was investigated by 

qRT-PCR and Western blot (Fig. 2.8). The results clearly show that all lines expressed FLS2 

but that the expression level differed between the various lines. Protein and transcript levels 

correlated, except for the UBQ10pro:FLS2-GFP line, which exhibited lower protein 

accumulation levels compared to transcript levels indicating that protein accumulation is 

modulated at the posttranscriptional level in this line. Since FLS2 expression in the different 

lines was higher and more specific in the lower parts of the roots, we performed all our assays 

excluding the older, mature root parts. 
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Fig. 2.8 Expression level of FLS2 under the control of tissue-specific promoters. (a) Transcript levels of 

FLS2 in untreated, isolated roots of all transgenic Arabidopsis lines, measured by qRT-PCR. Data were first 

normalized to the reference gene UBQ10 before calculation of expression relative to that of the wild-type Col-0. 

The bars represent the mean of three independent biological replicates. Data show mean values ± SE. (b) 

Quantification of band intensity as a percentage of total band area x intensity in two biologically independent 

Western blots. Data show mean values ± SD. (c) Immunoblot to detect FLS2 protein in transgenic seedling roots 

under tissue-specific promoters. Glycoproteins were extracted and precipitated with concanavalin A beads, and 

FLS2 was detected by Western blot. Ponceau staining was used to visualize proteins. 

 

2.2.3.3 PTI responses in isolated root systems expressing FLS2 in a specific root tissue 

To study whether flg22 perception in a specific root tissue is sufficient to induce PTI 

responses, we investigated the production of ROS in roots of the transgenic FLS2-expressing 

lines in response to flg22. Our results showed that the FLS2pro:FLS2-GFP line over-

expressed FLS2 in comparison to the wild-type Col-0 and since this overexpression correlated 

with an increased responsiveness of the line to flg22 (Fig. S2.11), we decided to use Col-0 as 

control for the study of PTI responses in our lines.  

All transgenic lines showed a clear production of ROS comparable to the wild-type root 

systems upon flg22 treatment (Fig. 2.9a). The reaction to a different stimulus, the endogenous 

elicitor AtPep1, was undistinguishable in the different lines indicating a similar responsiveness 

of the transgenic plants. However, perception of flg22 by the UBQ10pro:FLS2-GFP line and 

(a) (b) 

(c) 
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the LBD16pro:FLS2-GFP line resulted in markedly stronger ROS production than perception 

of flg22 by any of the other lines (Fig. 2.9a). Such stronger responses did not correlate with 

expression levels since FLS2 accumulated more in the ELTPpro:FLS2-GFP line (Fig. 2.8). 

To further analyze the ability of the different root tissues to sense flg22, the activation of 

MAPKs after ten minutes of flg22 treatment was investigated in isolated roots of our 

transgenic lines. All tissues showed the ability to induce MAPKs, except the SCRpro:FLS2-

GFP line (Fig. 2.9b). Since FLS2 expression in this line was restricted to the young 

endodermal tissues at the root tip and MAPKs might get activated only very locally upon flg22 

treatment, we dissected root tips of this line to repeat the MAPK assay. MAPKs were indeed 

activated upon flg22 treatment in dissected root tips (Fig. 2.9c). These results demonstrate that 

all investigated root cells are “prepared” to perceive flg22 if FLS2 is expressed and thus, the 

response machinery is present in these cells.  

Fig. 2.9 PTI responses in tissue-specific FLS2-expressing isolated root systems. (a) ROS production in 

isolated root systems of Arabidopsis transgenic lines and wild-type Col-0 plants treated with 1 μM flg22, 1 μM 

AtPep1 or water as a control. Columns represent averages of the peak values of ROS production of 24 replicates. 

Error bars show ± SE of the mean. Significant differences with respect to Col-0 according to Student's t-test are 

indicated by asterisks: *, P < 0.05; **, P < 0.01, ***, P < 0.001. (b, c) MAPK activation detected by Western 

blot after ten minutes of flg22 treatment in (b) two week-old isolated root systems of Col-0 and transgenic lines 

and (c) dissected root tips. Ponceau staining was used as a loading control. Experiments represent one of four 

independent replicates with similar results. RLU, relative light units. 

(a) (b) 

(c) 
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As the MAPK cascade is known to control a set of specific genes including FRK1 (Asai et al., 

2002), we investigated the expression of this marker gene by qRT-PCR. In addition, the 

transcriptional changes of WRK11 and PER5, already used before, was examined. The 

expression of all three marker genes was highly up-regulated in all lines already one hour after 

elicitation of the isolated root systems with flg22 (Fig. 2.10). After three hours of elicitation 

the induction was in general slightly decreasing and was nearly abolished in all lines after 

eight hours of treatment. Thus, flg22 perception by roots induces a transient accumulation of 

transcripts for all MAMP-induced genes tested.  

Interestingly, all lines were able to at least restore wild-type signaling output for every gene 

with the only exception of PER5 in the SCRpro:FLS2-GFP line (Fig. 2.10b). This observation 

might be attributed, again, to the use of half root systems instead of dissected root tips in the 

assay; PER5 might only be induced locally or weakly after perception of flg22 in young 

meristematic cells.  

Remarkably, flg22 perception in the lines expressing FLS2 under the control of the LBD16 

and PGP4 promoters led to an induction of all three marker genes approximating that by the 

UBQ10pro:FLS2-GFP line, which perceives flg22 ubiquitously (Fig. 2.10; Table 2.2). In 

general, lines expressing FLS2 in the endodermis (ELTPpro:FLS2-GFP and SCRpro:FLS2-

GFP) caused a lower defense gene induction than PGP4pro and LBD16pro:FLS2-GFP lines. 

Noteworthy, the expression level of the receptor has been shown to be the responsible for the 

strength of the immune response (Gómez-Gómez & Boller, 2000). We also observed, using 

different lines from the same construct that changes in FLS2 expression levels (not associated 

with changes in localization) correlated with the intensity of MAPK activation and defense 

gene induction (Fig. S2.12). Therefore, differences in FLS2 expression could explain the lower 

defense gene induction observed in the SCRpro:FLS2-GFP line but such a phenotype 

associated to the highly expressing ELTPpro:FLS2-GFP line suggests an important role of the 

specific tissue perceiving flg22 on the intensity of the immune response (Fig. 2.10; Fig. 2.8; 

Table 2.2). 

Given that the FLS2 expression level is likely not the only determinant of the response 

intensity, differences in the FRK1 and WRKY11 induction in the PGP4pro:FLS2-GFP and the 

other epidermal line WERpro:FLS2-GFP may be due to more restrictive expression of FLS2 

in the WERpro:FLS2-GFP compared to the PGP4pro:FLS2-GFP line. In contrast to 

PGP4pro:FLS2-GFP, WERpro:FLS2-GFP is not expressing FLS2 in older epidermal root 

tissues and in root hair cells. Surprisingly, and in support of the idea that FLS2 expression 
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level does not always determine the intensity of the response, PER5 was highly induced in the 

WERpro:FLS2-GFP line and in the PGP4pro:FLS2-GFP line (Fig. 2.10b). Thus, PER5 may 

be in general highly induced upon flg22 perception at the epidermis or especially the root cap. 

This might indicate that the nature of the elicitated responses varies in different tissues. The 

induction of all three genes upon flg22 treatment in the UBQ10pro:FLS2-GFP line, that 

expresses FLS2 in all tissues, was twice as much as in the wild-type. This effect could be 

attributed to the presence of FLS2 in all tissues in this line.  

Fig. 2.10 Defense marker gene induction in transgenic seedling roots after flg22 treatment. Transcript 

accumulation of three MAMP-induced genes was measured by qRT-PCR in isolated Arabidopsis root tissues 

treated with 1 μM flg22 or without peptide (control) for 1, 3 and 8 hours. The analysis shows (a) WRKY11, (b) 

PER5 and (c) FRK1 induction in all lines. Transcript levels of the indicated genes were normalized to that of the 

reference gene UBQ10 and then expression relative to that of the control was calculated. Data represent mean 

values of three biological replicates ± SE. Significant differences with respect to Col-0 according to Student's t-

test are indicated by asterisks: *, P < 0.05; **, P < 0.01. 

 

(a) (b) 

(c) 
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Table 2.2 Summary table of pattern-triggered immune responses in relation to the accumulation level of 
FLAGELLIN-SENSING 2 (FLS2) in roots of Arabidopsis transgenic lines expressing FLS2 under the 
control of the indicated promoters. 

  Promoter:    % FLS2: % MAPK: % ROS: % PER5: % WRKY11: % FRK1: 

  SCRpro 44 18 74 38 119 194 

  Col-0 100 100 100 100 100 100 

  WERpro 111 114 86 475 134 127 

  UBQ10pro 273 126 299 240 240 289 

  PGP4pro 458 119 155 313 217 227 

  LBD16pro 567 120 284 275 271 256 

  ELTPpro 1512 71 140 102 119 81 

All immune response induction values in roots of the transgenic Arabidopsis lines were relativized as a 

percentage of Col-0 induction values. MAPK, mitogen-associated protein kinase; ROS, reactive oxygen species; 

PEROXIDASE SUPERFAMILY PROTEIN 5 (PER5); WRKY DNA-BINDING PROTEIN 11 (WRKY11); FLG22-

INDUCED RECEPTOR-LIKE KINASE 1 (FRK1). 

 

2.2.3.4 Penetration of flg22 through protective root barriers 

The results of our experiments demonstrate that each root tissue can respond to flg22 if FLS2 

is present. However, in our assays with the root systems, roots were not intact and thus it is 

not clear whether flg22 reached the corresponding tissues through the cutting sites or by 

penetrating the epidermal and endodermal barriers. Therefore, MAPK assays were repeated 

with intact plants floating only the root systems in a flg22 solution. The results show that all 

lines could perceive flg22 after ten minutes in absence of root damage (Fig. 2.11). This 

analysis indicates that flg22 diffuses across protective root barriers as the epidermis and the 

Casparian strip into the endodermal and vasculature tissues, possibly through natural 

openings, for instance, at the elongation zone or at the site of emerging lateral roots.  
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Fig. 2.11 Activation of MAPKs in intact roots. Immunodetection of MAPK phosphorylation in intact roots of 

two week-old Arabidopsis seedlings treated locally for ten minutes with 1 μM flg22 was performed. Ponceau 

staining was used as a loading control.  

 

2.2.4 Discussion 

Although previous studies indicated that FLS2 is constitutively expressed in roots (Gómez-

Gómez and Boller, 2000; Robatzek et al., 2006) and that PTI responses can be detected in this 

organ (Millet et al., 2010; Jacobs et al., 2011; Cannesan et al., 2012), it has never been clarified 

whether these immune responses occur upon autonomous perception of flg22 in the root or 

rather upon MAMP perception in the shoot eliciting a systemic response (Millet et al., 2010; 

Cannesan et al., 2012; Lakshmanan et al., 2012). In this study, we tested isolated roots for their 

ability to trigger PTI responses upon flg22 perception, hence excluding any possible 

interference of the shoot. Our data show that isolated roots of wild-type Arabidopsis plants 

perceive flg22 independently of the shoot and induce all the hallmarks of PTI responses, such 

as the production of ROS and the induction of defense marker genes (Fig. 2.6), demonstrating 

that the shoot is not required for root immune responses.  

But do all root tissues have the capacity to respond to flagellin provided the receptor FLS2 is 

present? Surprisingly, all the generated, tissue-specific FLS2-expressing lines were able to 

sense flg22 leading to MAPK activation (Fig. 2.9b,c), ROS production (Fig. 2.9a) and strong 

transcriptional induction of marker genes (Fig. 2.10). Thus, all the examined root tissues had 

the capacity to induce PTI responses when the receptor was present, although the intensity of 

the response differed between the lines.  
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Moreover, the induction of MAPKs in all the lines in intact root systems after flg22 treatment 

suggests that flg22 is able to penetrate through the protective epidermal and endodermal root 

barriers (Fig. 2.11). Remarkably, even the LBD16pro:FLS2-GFP line expressing FLS2 in the 

pericycle was able to perceive flg22 in intact root systems, indicating that the barriers of the 

epidermis and the Casparian strip in the endodermis did not block access of flg22 to the central 

root stele (Fig. 2.11). We cannot completely rule out the possibility that undetectable levels of 

FLS2-GFP expression might take place in other tissues leading to the observed activation of 

defense responses. Nevertheless, we believe that the strong MAPK activation observed in the 

LBD16pro:FLS2-GFP line would most probably require higher levels of FLS2 expression.  

Current opinion regarding plant immunity is that perception and activation of initial defense 

responses take place in a cell-autonomous manner, which assumes that the perception and 

response machinery would have to be jointly expressed in each cell. Since ectopic expression 

of FLS2 in the different tissues was enough to render them responsive to flg22, we believe that 

the downstream elements necessary for PTI are already present in all cells. But on the other 

hand, it is known that the constant activation of the immune system negatively influences other 

plant processes. For example, it has been observed that long-term flg22 treatment leads to a 

severe inhibitory effect in seedlings growth (Heil & Baldwin, 2002; Heil, 2002). Thus, it has 

been speculated that high expression of immune receptors in the outer, epidermal cells of roots, 

which are constantly exposed to MAMPs, would be disadvantageous for a plant not only 

because of constant PTI signaling but also in order to allow colonization and interaction with 

beneficial bacteria (Faulkner and Robatzek, 2012). Furthermore, it is known that a beneficial 

microbiota is usually present in association with plant (leaf surface and rhizoplane) and animal 

(skin, gut and respiratory epithelia) systems and does not lead to overactivation of host 

immune responses (Kubinak & Round, 2012; McClure & Massari, 2014; Selosse et al., 2014). 

Therefore, perception of potential pathogens through MAMPs such as bacterial flagellin may 

require a particularly precise fine-tuning and regulation in order to avoid unnecessary alarm.  

Nevertheless, our results clearly show that expression of FLS2 in the epidermis leads to strong 

activation of PTI responses after flg22 treatment (Fig. 2.9; Fig. 2.10). Especially remarkable 

is the strong defense gene induction in the line PGP4pro:FLS2-GFP (Fig. 2.10). These 

findings support the hypothesis that in natural conditions plants might need to restrict the 

expression of MAMP receptors to tissue-specific locations, especially at putative pathogen 

entry sites, in order to efficiently inhibit pathogen invasion and suppress or regulate 

constitutive activity of PTI signaling. Such a hypothesis was recently supported by evidence 
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from the field of animal biology, where tissue-specific regulation was shown to be involved 

in the activity of Toll-like receptors in epithelial cells ensuring that an immune response is 

only mounted when bacteria penetrate the host epithelial layer (Lee et al., 2006; Lundin et al., 

2008; Abreu, 2010; Kubinak and Round, 2012). 

In fact, our findings confirm those of our recent study showing that the FLS2 promoter activity 

is mainly present in the root stele and expands to the cortex and epidermal region after different 

stress treatments (Fig. S2.9; Beck et al., 2014; Chapter 2.1). The perception of MAMPs in the 

pericycle or vasculature could therefore be important for the plants, especially because many 

pathogenic bacteria as Ralstonia and Pseudomonas syringae pv. tomato (Pto) DC3000 use the 

plant vasculature to move throughout the plant and often colonize xylem vessels of its host 

plants to multiply inside and gain access to nutrients (Digonnet et al., 2012; Misas-Villamil et 

al., 2013). Furthermore, plants have natural "wounds" in their physical barriers, manifested as 

epidermal cracks at the site of emerging lateral roots or at the elongation zone. It is widely 

assumed that bacteria use these natural entry sites to colonize the root vasculature (Dong and 

Iniguez, 2003; Tyler and Triplett, 2008; Chapter 2.1; Beck et al., 2014). Thus, the appearance 

of MAMPs in the pericycle or vasculature might indicate a potential threat and a strong, 

localized PTI response in this tissue could be favorable for the plant. This speculation is in 

agreement with recent findings indicating the existence of cell type and tissue-specific 

responses in roots to pathogens (Millet et al., 2010; Cannesan et al., 2012) especially at the 

elongation zone, because there the protective root cap is absent and epidermal and endodermal 

barriers have not fully evolved yet, meaning that MAMPs could easily penetrate into the 

vasculature. Moreover, the promoters of PEPR1 and PEPR2, two PRRs involved in 

recognition of endogenous Arabidopsis peptides playing a role in plant immunity, have been 

shown to be highly active in the vascular tissue (Bartels et al., 2013). In addition, flg22 is 

known to induce the production of lignin which probably also prevents colonization and spread 

of bacteria through the vasculature (Schenke et al., 2011).  

In order to determine the importance of flg22 perception in the inner tissues, the LBD16 

promoter was employed as FLS2 expression under this promoter is restricted to the pericycle. 

Indeed, we observed that ectopic expression of FLS2 in the pericycle cells led to enhanced PTI 

responses in isolated root systems compared to the wild-type (Fig. 2.9; Fig. 2.10). It is known 

that changes in FLS2 expression can correlate with variations in defense responses (Fig. S2.11; 

Fig. S2.12; Gómez-Gómez & Boller, 2000). However, our observations cannot be fully 

explained by the difference in FLS2 expression, as the LBD16pro:FLS2-GFP line expressed 
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FLS2 to a lower extent than the ELTPpro:FLS2-GFP line, but reacted stronger (Table 2.2). 

Based on these findings, we think that the nature of the tissue perceiving flg22 has a major 

impact on the intensity of the initiated defense response. In particular, we suggest that PTI 

responses at the inner root tissues, behind the Casparian strip, could be more pronounced than 

at the outer, epidermal or endodermal root tissues, since constitutive activation of PTI 

responses at the latter would severely affect plant fitness (Heil, 2002; Heil and Baldwin, 2002). 

In conclusion we show that all root tissues are able to perceive flg22 leading to the induction 

of PTI responses if FLS2 is present. Furthermore, our data suggest that the intensity of the 

response depends on the tissue type perceiving the signal. Our tissue-specific FLS2-expressing 

lines will provide a helpful tool to illuminate local and systemic signaling pathways in plant 

tissues and will help to gain further insight into the complexity of the plant immune network. 

 

2.2.5 Materials and methods 

2.2.5.1 Plant material  

Plant materials used were wild-type Arabidopsis thaliana L. Heynh cultivar 6 Columbia (Col-

0) and the mutant fls2 (Zipfel et al., 2004) (SALK_062054C). Seeds were surface sterilized 

and germinated on half-strength MS plates (0.5 x Murashige and Skoog basal medium (Phyto- 

technology Laboratories) containing 1% sucrose and 0.8% phytoagar) for five days in a plant 

growth chamber (24 hours of photoperiod, 20°C). Seedlings were then transferred to 24 well 

plates containing 1 mL of half-strength MS medium (one seedling per well) and further grown 

in the same conditions for ten days. For confocal analysis, seedlings were grown vertically for 

five days in square Petri dishes containing half-strength MS medium. 

 

2.2.5.2 Elicitor peptides  

Peptides of flg22 (QRLSTGSRINSAKDDAAGLQIA), AtPep1 (ATKVKAKQRGKEKVSS-

GRPGQHN) and elf18 (ac-SKEKFERTKPHVNVGTIG) were obtained from EZBiolabs and 

diluted in water to a final concentration of 1 µM for all assays.  
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2.2.5.3 Construction of transgenic lines 

Vectors containing promoter regions of UBIQUITIN10 (UBQ10, AT4G05320), EMBRYO 

LIPID TRANSFER PROTEIN (ELTP, AT2G48140), SCARECROW (SCR, AT3G54220), 

LATERAL ORGAN BOUNDARIES-DOMAIN (LBD16, AT2G42430), P-GLYCOPROTEIN 4 

(PGP4, AT2G47000) and WEREWOLF (WER, AT5G14750) had been obtained previously in 

Niko Geldner’s lab at the University of Lausanne. The promoter regions of UBQ10, ELTP and 

SCR were cloned into the Gateway vector pDONRTMP4-P1R (http://gateway.psb.ugent.be). 

LBD16pro, WERpro and PGP4pro were cloned by blunt end cloning into a modified pUC57 

vector. The full coding sequence of FLS2 fused to GFP was amplified from a pCambia vector 

(Robatzek et al., 2006) and cloned into the gateway vector pDon207 (http://gateway.psb. 

ugent.be). Using multistep gateway cloning, pDon201/modified pUC57 vector containing the 

promoter regions and the vector pDon207 containing the FLS2-GFP region were combined, 

substituted with LR clonase and transferred to the multisite vector pH7m24GWB 

(http://gateway.psb.ugent.be). Transgenic lines were obtained by dip-inoculation with 

agrobacteria and selection on hygromycin. Several transgenic lines were analyzed and the 

strongest FLS2-GFP expressing line of each construct was chosen for further studies. PTI 

assays were performed with a pool of at least 12 seedlings from the T2 generation. 

 

2.2.5.4 Microscopy 

The GFP expression in the promoter:FLS2-GFP expressing plants was examined in five day-

old seedlings using a Zeiss LSM700 upright point scanning confocal microscope with a 488 

nm excitation mirror and fluorescence emissions were captured between 500 and 550 nm to 

record images. Images were processed using the LSM image browser (Carl Zeiss Microscop 

GmbH Jena, Germany) and Photoshop CS5 software packages (Adobe Systems, Basel, 

Switzerland).  

 

2.2.5.5 ConA precipitation  

For the detection of FLS2 in roots, 100 mg of root tissue from seedlings grown for two weeks 

in liquid MS was frozen in liquid nitrogen and homogenized in 0.2 ml of cold IP buffer (50 

mM Tris-HCl pH 8, 150 mM NaCl, 1% (w/v) octylphenoxypolyethoxyethanol (Nonidet P-40) 

and protease inhibitor cocktail (Sigma-Aldrich)). After incubation for one hour at 4°C with 

gentle shaking, this preparation was centrifuged three times at 10,000 g for ten minutes. The 
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supernatant containing the solubilized proteins was incubated one hour at 4°C with 

concanavalin A-sepharose beads (Sigma-Aldrich). The beads were collected and washed three 

times with ice-cold IP buffer. After denaturation in SDS-buffer, proteins retained on the beads 

were separated by SDS-PAGE 7% and analyzed by Western blot and immunodetection with 

anti-FLS2 antibodies (Chinchilla et al., 2006). Band intensity was analyzed with the Image J 

gel analysis tool (http://imagej.net) and quantified as percentage of wild-type Col-0 band area 

x intensity in two biologically independent Western blots. 

 

2.2.5.6 Measurement of reactive oxygen species 

For ROS assays, root systems (the isolated lower half of the root) of two plants grown in liquid 

MS were placed into each well of a Lia White 96-well plate (Greiner Bio-One) in 0.1 mL 

water and kept in the dark overnight. For elicitation and ROS detection, horseradish peroxidase 

(Sigma-Aldrich) and luminol (Sigma-Aldrich) was added to a final concentration of 10 µg/mL 

and 100 µM, respectively. Luminescence was measured directly after addition of elicitor 

peptides in a MicroLumat LB96P plate reader (Berthold Technologies) for one hour.  

 

2.2.5.7 MAPK phosphorylation  

12 root systems of two week-old plants were placed in water and left over night. For MAPK 

detection in intact roots, 12 seedlings were placed overnight on split Petri dishes in order to 

treat roots separately of shoots. The following day, 1 µM flg22 was added to root tips for ten 

minutes and roots were dissected from shoot tissue immediately prior to freezing in liquid 

nitrogen. Tissue (50 mg per sample) was shock frozen in liquid nitrogen and ground into fine 

powder before addition of 50 µL SDS- extraction buffer (0.35 M Tris-HCl pH 6.8; 30% [v/v] 

glycerol; 10% [v/v] SDS; 0.6 M dithiothreitol; and 0.012% [w/v] bromophenol blue). Total 

proteins were separated by electrophoresis in 12% SDS-polyacrylamide gel and 

electrophoretically transferred to a polyvinylidene fluoride membrane according to the 

manufacturer’s instructions (Bio-Rad). Transferred proteins were detected with Ponceau-S. 

Polyclonal primary antibodies against phospho-p44/42 MAPK (Cell Signaling Technologies) 

were used, with alkaline phosphatase-conjugated anti-rabbit as secondary antibodies. Signal 

detection was performed using CDPstar (Roche). MAP kinase activation was estimated using 

band intensity as percentage of mock treated control and then relativized to the wild-type Col-

0 from 3 biologically independent Western blots using the Image-J gel analyzing tool. 
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2.2.5.8 Determination of gene expression 

Root tissue of two week-old seedlings was collected and left in water over night. After 

treatment with 1 µM flg22 for 1, 3 and 8 hours, material was frozen and ground in liquid 

nitrogen. RNA from 50 mg tissue was extracted using the NucleoSpin RNA plant extraction 

kit (Macherey-Nagel) and treated with recombinant DNase according to the manufacturer’s 

recommendations. Per PCR reaction, complementary DNA was synthesized from 10 ng of 

RNA with oligo (dT) primers using the avian myeoloblastosis virus (AMV) reverse 

transcriptase according to the manufacturer’s instructions (Promega). Quantitative real-time 

reverse transcription-PCR (qRT-PCR) was performed in a 96-well format using a 

LightCycler®480 System (Roche Applied Science). Normalized expression to the reference 

gene UBIQ10 (AT4G05320) was calculated using the qGene protocol (Muller et al., 2002). 

The gene-specific primers used were as follows: UBQ10 (AT4G05320) with UBQ_fw 

(GGCCTTGTATAATCCCTGATGAATAAG) and UBQ_rv (AAAGAGATAACAGGAAC-

GGAAACATAG), FRK1 (AT2G19190) with FRK1_fw (TGCAGCGCAAGGACTAGAG) 

and FRK1_rv (ATCTTCGCTTGGAGCTTCTC), WRKY11 (AT4G31550) with WRKY11_fw 

(AGGAGAGCACCGTCATAACC) and WRKY11_rv (AGCCGAGGCAAACACTAAAT), 

PER5 (AT1G14550) with AT1G14550_fw (TCTCAATGCTTCTTGTTCCG) and 

AT1G14550_rv (CTAGATCCAATGCTGCCAGA) and FLS2 (AT5G46330) with FLS2_fwd 

(ACTCTCCTCCAGGGGCTAAGGAT) and FLS2_rv (AGCTAACAGCTCTCCAGGGAT-

GG). 
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2.2.7 Supplemental figures 

(a)                                                                               (b) 

 

Fig. S2.6 Flg22 but not elf18 leads to the production of ROS in isolated Col-0 roots. ROS production in 

isolated roots or leaves of three week-old Arabidopsis seedlings in response to 1 μM flg22 (a) or elf18 (b). Graphs 

display averages of 12 replicates. Error bars represent ± SE of the mean. The experiment was repeated three times 

with similar results.  

 

 

Fig. S2.7 Flg22 but not elf18 induces MPK3 and MPK6 phosphorylation in isolated roots. MAPK activation 

detected by Western blot in two week-old root systems after ten minutes using (a) Arabidopsis Col-0 plants in 

response to different flg22 concentrations, (b) Col-0, efr and fls2 mutant plants in response to flg22 or elf18 (1 

μM) and (c) Col-0, fls2, mpk3 and mpk6 mutant plants in response to 1 μM flg22. 
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Fig. S2.8 PER5 can be used as MAMP-induced marker gene. Analysis of PER5 transcription in isolated two 

week-old Arabidopsis roots (left panel) or shoots (right panel) treated with 1 μM flg22, elf18 or AtPep1 or without 

peptide (control) for 1 and 3 hours. Transcript level of the indicated gene was normalized to the reference gene 

UBQ10 and then relative expression to the control was calculated. The bars represent mean of three technical 

replicates. Error bars show ± SE of the mean. Results from one out of two independent biological replicates with 

similar induction patterns are shown. 

 

Fig. S2.9 GFP expression in roots of transgenic lines after flg22 treatment and wounding. GFP expression 

in roots of transgenic Arabidopsis lines expressing FLS2-GFP under the control of the stated promoter was 

investigated by fluorescence microscopy 12 hours after control (c), 1 μM flg22 treatment (f) and wounding/cut 

(w) of five day-old Arabidopsis seedlings. Images present overlay of light and UV pictures of one representative 

out of five biological replicates. Bar corresponds to 100 μm. 
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Fig. S2.10 Phenotypes of transgenic lines. Transgenic Arabidopsis T2 lines selected on hygromycin were grown 

under sterile conditions in liquid MS solution for ten days (a) or placed to soil and grown for five weeks (b). No 

differences compared to the wild-type Col-0 plants were observed. 

 

 

Fig. S2.11 FLS2pro:FLS2-GFP line shows altered PTI responses and FLS2 expression. Isolated roots of 

Arabidopsis Col-0 and FLS2pro:FLS2-GFP were treated for one hour with 1 μM flg22 or solvent (control). 

Transcript level of the indicated gene was normalized to the reference gene UBQ10 and relative expression to 

the Col-0 control was calculated in the case of FLS2 (left panel). For FRK1 and PER5, relative expression was 

calculated to the corresponding untreated control. Bars represent the mean of two independent experiments with 

three technical replicates each (middle panels). Error bars show ± SD. MAPK induction in isolated roots was 

analyzed by Western blot after ten minutes treatment with flg22 (right panel). One experiment out of two with 

similar results is shown. 
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Fig. S2.12 Analysis of PTI responses in different LBD16pro:FLS2-GFP and PGP4pro:FLS2-GFP lines. 
Two independent Arabidopsis lines expressing different amounts of FLS2-GFP were selected for the 

LBD16pro:FLS2-GFP construct (a) and the PGP4pro:FLS2-GFP construct (b). FLS2 expression levels were 

analyzed by qRT-PCR, transcript levels were normalized to the reference gene UBQ10 and relative expression 

to the higher expressing line is shown (left panels). Expression of FRK1 and PER5 was assessed in the different 

lines after treatment with 1 μM flg22 for one hour. Transcript levels of the indicated gene were normalized to the 

reference gene UBQ10 and relative expression to the control is presented (middle panels). Bars represent the 

mean of two independent experiments with three technical replicates each. Error bars show ± SD. MAPK 

induction in isolated roots of the tested lines was analyzed by Western blot after ten minutes treatment with 1 

μM flg22 (right panels). One experiment out of two with similar results is shown. 
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3.1 Abstract 

Plants perceive microbes through the recognition of microbe-associated molecular patterns 

(MAMPs) by plasma membrane-bound pattern recognition receptors (PRRs). Recognition 

leads to the activation of signaling cascades, which result in local and systemic defense 

responses. While systemic signaling from leaf-to-leaf has been investigated upon pathogen 

attack, root-to-leaf signaling in response to pathogens or MAMPs has received little attention. 

We here tested whether local MAMP application to roots of Arabidopsis leads to systemic 

defense gene induction in shoots and tested several experimental systems for their suitability 

to study root-to-shoot signaling. During our initial experiments, we often observed movement 

of elicitor traces along the plant and hence, conclude that caution should be taken when 

studying systemic signaling in plants. To reduce the risk of contamination by movement of 

the elicitor itself, we developed a novel method relying on local treatment of roots in Petri 

dishes. In our improved system, defense marker genes were not induced in shoots upon local 

application of the MAMP flg22 and the damage-associated molecular pattern (DAMP) AtPep1 

to roots at different time points, indicating that systemic root-to-shoot signaling upon MAMP 

perception does not involve transcript changes of typical defense marker genes.  
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3.2 Introduction 

Plant defense responses are known to depend on the recognition of conserved microbe-

associated molecular patterns (MAMPs) by pattern recognition receptors (PRR) (Boller and 

Felix, 2009). Perception of MAMPs as non-self results in local and systemic signaling and 

downstream defense responses that contribute to growth restriction of microbial pathogens 

and can establish durable resistance to a large number of pathogens in the whole plant (Conrath 

et al., 2006; Boller and Felix, 2009; Dodds and Rathjen, 2010; Zipfel, 2014). One of the best-

studied elicitors of plant immunity is the bacterial MAMP flagellin, which is recognized by 

the PRR FLAGELLIN-SENSING 2 (FLS2) (Felix et al., 1999; Chinchilla et al., 2006; Boller 

and Felix, 2009; Robatzek and Wirthmueller, 2013). Other well-known elicitors of defense in 

Arabidopsis thaliana are elf18 which is perceived by the PRR ELONGATION FACTOR-TU 

RECEPTOR (EFR) or the damage-associated molecular pattern (DAMP) AtPep1, perceived 

by the PRRs PEP RECEPTOR 1 (PEPR1) and PEP RECEPTOR 2 (PEPR2) (Macho and 

Zipfel, 2014).  

One important downstream event upon the activation of immunity in plants is the generation 

of long-distance mobile alarm signals (Shah, 2009). Although the exact nature of these signals 

remains elusive (Dempsey and Klessig, 2012), it is known that perception of such mobile 

alarm signals in distant tissues and organs not exposed to microbes can lead to the 

establishment of a long-lasting (several weeks) systemic resistance, active against a broad 

range of pathogens. This systemic resistance can consist of a primed state, in which the plant 

reacts faster and more efficiently to subsequent pathogen challenge (Conrath et al., 2006; 

Conrath, 2011), or of systemic acquired resistance (SAR), which typically involves the 

induction of PATHOGENESIS-RELATED (PR) genes and relies on a functional salicylic acid 

(SA) pathway (Métraux et al., 2002; Durrant and Dong, 2004). SA is believed to fulfill a dual 

role in SAR signaling; either SA directly activates PR gene expression or, alternatively, low 

doses of SA that do not activate defense genes directly prime the tissue for potentiated defense 

gene expression upon subsequent pathogen infection (Métraux et al., 2002; Durrant and Dong, 

2004; Conrath et al., 2006; Shah, 2009; Fu and Dong, 2013; Gruner et al., 2013). Up to now, 

SAR has been mainly studied in leaves (leaf-to-leaf signaling) (Dempsey and Klessig, 2012; 

Fu and Dong, 2013) and systemic signaling between roots and shoots during defense has 

received much less attention. This is surprising given that roots are constantly exposed to soil-

borne microbes and their MAMPs.  
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Despite poorly investigated systemic communication between roots and shoots upon pathogen 

perception by roots, many studies have shed light on root-to-root as well as root-to-shoot 

signaling upon the interaction of plant roots with beneficial microbes. Studies on root-to-root 

communication mainly focused on the importance of coordination during the establishment of 

symbiosis between plants and soil microbes (Kosslak and Bohlool, 1984; Sargent et al., 1987; 

van Brussel et al., 2002; Kassaw and Frugoli, 2012; Laguerre et al., 2012). With respect to 

root-to-shoot signaling, it has been demonstrated that root colonization by non-pathogenic soil 

microbes often leads to increased plant resistance, a phenomenon which was named induced 

systemic resistance (ISR) (Schmidt, 1979; van Loon et al., 1998; Huang et al., 2014; Pieterse 

et al., 2014). ISR has been associated with stronger cellular responses upon immune activation 

in aerial tissue of root-colonized plants compared to those observed in aerial tissue of non-

colonized plants (van Loon et al., 1998; Conrath et al., 2006; Pozo and Azcón-Aguilar, 2007). 

Interestingly, rhizobacteria-mediated induced systemic resistance typically involves the 

jasmonic acid (JA) and/or ethylene (ET) signaling pathway (Pieterse et al., 2000). It has also 

been shown that microbial root colonization by, for instance, bacterial and fungal symbionts 

can lead to systemic changes in the expression of defense and stress-related genes (Liu et al., 

2007; van de Mortel et al., 2012). For example, colonization of roots with the fungal symbiont 

Piriformospora indica is known to trigger changes in the expression of defense-related 

transcripts in distant roots, indicating the movement of immunity-related signals (Pedrotti et 

al., 2013). However, in most cases, root colonization by beneficial microbes has not been 

linked to specific changes in shoot gene expression, even when an increased resistance to 

pathogens was observed (Verhagen et al., 2004). In contrast, whether the perception of 

pathogens and/or MAMPs in roots leads to direct systemic defense gene induction in shoots 

has never been investigated. We have recently demonstrated that isolated root tissue was able 

to perceive flg22 and the DAMP AtPep1 (Wyrsch et al., 2015; Chapter 2.2). Hence, to 

investigate systemic root-to-shoot signaling in plant-microbe interactions, we here studied 

plant defense gene expression in shoots upon local application of MAMPs and DAMPs to 

roots. To be able to reliably determine systemic signaling events, we first developed an 

application method, which ensures the perception of the elicitor specifically by roots and 

avoids that the elicitor itself moves to aerial tissues through diffusion. With this improved 

system, none of the analyzed marker genes for systemic defense signaling was systemically 

induced in shoots upon local MAMP/DAMP application to roots after up to 24 hours in our 

conditions.   
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3.3 Results  

3.3.1 Local root treatments in spliced Petri dishes 

A direct application of solutions to the soil is often used in the case of microbial inoculation 

but as we were aiming at studying a potential systemic response upon local MAMP addition 

to roots, we preferred to use an axenic system, where plants would be exposed to MAMPs for 

the first time and only little and controlled amounts of elicitor would be needed. Therefore, 

Arabidopsis plants were grown in agar plates for two weeks and then transferred to spliced 

Petri dishes containing a filter paper and 2 mL water in each compartment (Fig. 3.1). The 

following day, roots were treated with a control solution, flg22 or elf18. Elf18 was included 

as a diffusion control because this MAMP was shown not to be recognized in roots, most 

probably due to lack of EFR expression in these organs (Millet et al., 2010; Wyrsch et al., 

2015). By contrast, elf18 can clearly elicit immune responses in shoots (Kunze et al., 2004). 

After 3, 12 and 24 hours of treatment, root and shoot tissues were harvested separately and 

gene expression was analyzed by real-time quantitative reverse transcription PCR (qRT-PCR). 

For this, the induction of the PTI marker genes FRK1, encoding a FLG22-INDUCED 

RECEPTOR-LIKE KINASE (Asai et al., 2002) and PER5, a PEROXIDASE SUPERFAMILY 

PROTEIN known to be involved in responses to oxidative stress (Tognolli et al., 2002) and 

induced upon flg22 treatment, were investigated (Boudsocq et al., 2010; Wyrsch et al., 2015; 

Chapter 2.2). However, the experiment, repeated several times, gave inconsistent results. In 

eight cases, transcripts of PTI marker genes clearly accumulated in shoots upon root treatment 

with flg22, whereas in seven cases there was no difference compared to the control treatment 

(data not shown). Such variation could also be observed with elf18 treatments. The latter result 

indicates the movement of the peptide to the shoot. This effect might be due to capillary or 

other forces along the vasculature of the stele or along the apoplast of the cortex and may result 

in the perception of the elicitor by the shoot.   
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Fig. 3.1 System using spliced Petri dishes. Three week-old Arabidopsis plants grown in axenic conditions were 

placed into a spliced Petri dish containing 2 mL water and a filter paper in each compartment. The following day, 

elicitors were added at a final concentration of 1 µM to the root compartment. After three hours, root and shoot 

tissues were harvested separately.  

 

3.3.2 Visualization of liquid diffusion between compartments 

In order to evaluate the tightness of our experimental system, the solution loaded into the root 

compartment was stained with bromophenol blue. Surprisingly, we were able to observe a 

clear movement of the stained solution along the root surface, up to the shoot compartment in 

this system already after three hours (Fig. 3.2a). Remarkably, sealing off the junctions between 

the roots and the aerial tissues with vaseline and including a wider space filled with vaseline 

between roots and shoots did not avoid the quick movement of the dyed solution towards the 

shoot (Fig. 3.2b,c). Whether the solution only moved upwards through capillary forces at the 

outside of the root or in the apoplast or was actively taken up by and moved within the root, 

remains to be investigated. 

In summary, our data show that with the tested system we cannot exclude elicitor movement 

and subsequent perception in the shoot. As very low concentrations of flg22 suffice to induce 

PTI responses (Mueller et al., 2012b), any movement of the MAMP-containing solution 

towards the shoot compartment can have undesired effects and strongly affect result 

interpretation. 
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   (a) 

 

   (b) 

 

   (c) 

 

Fig. 3.2 Analysis of elicitor movement using bromophenol blue. The root compartment was stained with 

bromophenol blue in order to observe the movement of the solution along the Arabidopsis seedlings. The time 

point shown here is three hours. (a) System with spliced Petri dishes, (b) improved system using vaseline to seal 

the junction between roots and shoots, (c) improved system with vaseline including a wider space between roots 

and shoots. Movement along, and possibly inside the root was observed in all cases.  
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3.3.3 An improved treatment system avoids shoot elicitation and reveals no 

transcript changes in shoots upon local MAMP/DAMP applications 

to roots 

We now attempted to establish a more robust system including a physical diffusion barrier 

between roots and shoots. For this, strong agar (2%) was poured in both compartments and an 

aerial stripe was created by dissecting the agar (Fig. 3.3a). Plants grown vertically in agar were 

transferred to this system and roots were treated locally with flg22, elf18 or AtPep1 the 

following day. AtPep1 was included because its perception by roots was known to elicit 

stronger local responses than flg22 (Wyrsch et al., 2015; Chapter 2.2). To restrict the dose of 

liquid on the agar surface, a higher concentration of the elicitors (10 µM) in a smaller volume 

was distributed on the root (three spots of 10 µl per root). After 3, 12 and 24 hours, root and 

shoot tissues were harvested separately and gene expression was analyzed by qRT-PCR.  

After three hours of treatment, an increase in PER5 transcripts was detected in elicited root 

tissues, indicating that they responded to the local application of flg22 and AtPep1 (Fig. 3.3b). 

As expected, no induction was observed upon elf18 treatment. 

(a) (b) 

Fig. 3.3 An improved method allows induction of PER5 in roots upon local treatment. (a) Representative 

picture of the improved system to study systemic root to shoot signaling using a spliced Petri dish containing 2% 

bactoagar in each compartment. An agar stripe was dissected in order to reduce the leakiness of the system. Three 

week-old plants grown vertically on agar were carefully transferred to the system. (b) Transcript levels of PER5 

were measured by qRT-PCR in roots three hours after treatment with the elicitors as indicated (10 µM, three 

spots of 10 µL per root). PER5 expression was first normalized to that of the constitutive gene UBQ10, before 

calculating its expression relative to that of the control. Error bars show ± SE of the mean of three biological 

replicates with each performed with three technical replicates. Significant differences with respect to the control 

were calculated using a Student’s t-test with: *, P < 0.05; **, P < 0.01. 
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By contrast, PER5 and FRK1 transcript levels remained unchanged in shoot tissue at different 

time points (Fig. 3.4). This result suggested that FRK1 and PER5 transcript levels are not 

systemically induced at the tested time points. Moreover our result proved that this system 

was suitable to study the possible systemic effect of root MAMP/DAMP application on shoot 

transcriptomes. 

 

Fig. 3.4 Transcript accumulation of PTI marker genes analyzed in shoots of root-elicited plants. Transcrit 

levels of PTI marker genes FRK1 and PER5 were analyzed in shoots upon treatment of roots with the indicated 

elicitor (10 µM, three spots of 10 µL per root) for 3, 12 and 24 hours by qRT-PCR. Expression was first 

normalized to that of the reference gene UBQ10 before calculation of expression relative to that of the control. 

The error bars show ± SE of the mean of three biological replicates. No significant differences were found 

compared to the control according to Student’s t-test.  

 

Next, SA-responsive genes were analyzed for their transcriptional changes in shoot tissues 

upon MAMP/DAMP treatments of roots (Gaffney et al., 1993). These genes include 

PATHOGENESIS-RELATED GENE 1 (PR1), PATHOGENESIS-RELATED GENE 5 (PR5) 

and ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5). PR1 gene expression is known to 

be induced in response to a variety of pathogens and is a useful molecular marker for SAR 

(Uknes et al., 1992; Delaney et al., 1994). Expression of this gene is SA-dependent (Durner et 

al., 1997; Kombrink and Somssich, 1997). The PR5 gene family was shown to be induced by 

fungal infection and had antifungal activity (Kombrink and Somssich, 1997). PR5 

transcription was induced in response to activation of the SAR pathway in Arabidopsis and, 

therefore, is used as a marker for SAR-dependent defense triggering (Kawamura et al., 2009). 

EDS5 is an essential component of SA-dependent signaling for disease resistance. Apart from 

flg22, its expression has been demonstrated to be induced by SA, pathogens and UV-C light 

and eds5 mutants are SA-deficient (Nawrath et al., 2002). 

However, in our conditions, none of the investigated SAR markers was significantly induced 

in shoots upon treatments of roots with flg22, elf18 or AtPep1 at any time point (Fig. 3.5).  
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Fig. 3.5 Transcript levels of SA-responsive marker genes analyzed in shoots of root-elicited plants. 

Transcript levels of SA-responsive marker genes PR1, PR5 and EDS5 were analyzed in shoots upon treatment 

of roots with the indicated elicitor (10 µM, three spots of 10 µL per root) for 3, 12 and 24 hours by qRT-PCR. 

Expression was first normalized to that of the reference gene UBQ10 before calculation of expression relative to 

that of the control. The error bars show ± SE of the mean of three biological replicates. No significant differences 

were found compared to the control according to Student’s t-test.  

 

We further investigated the effects of root MAMP/DAMP applications on the transcript level 

of JA or ET-responsive genes, including the LIPOXYGENASE 2 and 3 (LOX2, LOX3) genes 

and the plant DEFENSIN 1.2 (PDF1.2) gene.  

Genes from the LOX family encode dioxygenases involved in JA synthesis in plants (Schaller 

and Stintzi, 2008). LOX2 is a 13-lipoxygenase gene (Bannenberg et al., 2009), known to 

catalyze the first step of the JA biosynthetic pathway and LOX2 mRNA accumulates rapidly 

after JA induction and flg22 treatments (Beckers and Spoel, 2006). The closely related LOX3 

is induced upon pathogen infection and exposure to methyl jasmonate (Melan et al., 1993; 

Vellosillo et al., 2007); therefore we also used it as a marker for JA signaling. The PDF1.2 

gene encodes a small protein with anti-fungal activity and is used as an ET-dependent marker 

for systemic resistance triggered by PGPRs (Brodersen et al., 2006; Bari and Jones, 2009) and 

has also been shown to be transcriptionally up-regulated upon flg22 treatment (Kawamura et 

al., 2009). Despite our efforts, we could not show any significant change in the expression of 

the JA- or ET-responsive genes in shoot tissue upon local root MAMP/DAMP application 

(Fig. 3.6). 
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Fig. 3.6 Transcript levels of JA/ET-responsive marker genes analyzed in shoots of root-elicited plants. 
Transcript levels of JA/ET-responsive marker genes PDF1.2, LOX2 and LOX3 were analyzed in shoots upon 

treatment of roots with the indicated elicitor (10 µM, three spots of 10 µL per root) for 3, 12 and 24 hours by 

qRT-PCR. Expression was first normalized to that of the reference gene UBQ10 before calculation of expression 

relative to that of the control. The error bars show ± SE of the mean of three biological replicates. No significant 

differences were found compared to the control according to Student’s t-test.  

 

We then tested if other defense marker genes were systemically induced in locally MAMP-

treated plants. The well-characterized secondary metabolites camalexin as well as 

glucosinolates exhibit antimicrobial activity. Furthermore, genes involved in the biosynthesis 

pathways for these compounds were shown previously to display transcriptional changes in 

roots and shoots upon root colonization by PGPRs (van de Mortel et al., 2012). Therefore, 

CYP71A12, encoding a cytochrome P450, which catalyzes the conversion of indole-3-

acetaldoxime to indole-3-acetonitrile during camalexin biosynthesis, was included in our 

analysis (Nafisi et al., 2007). CYP71A12 has been shown to be induced in roots upon MAMP 

treatments (Millet et al., 2010). MYB51, encoding a transcription factor essential for the 

regulation of indole-glucosinolate biosynthesis (Gigolashvili et al., 2007) was also found to 

be induced in Arabidopsis roots upon MAMP treatments (Millet et al., 2010). It was previously 

reported that flg22-elicited callose deposition in Arabidopsis cotyledons is dependent on the 

biosynthesis of indol-3-ylmethylglucosinolate, which is in turn dependent on MYB51 (Clay et 

al., 2009). However, in our study, CYP71A12 and MYB51 gene activity was not significantly 

induced in shoots of root-treated plants at any of the investigated time points (Fig. 3.7).  
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Fig. 3.7 Transcript levels of secondary metabolite marker genes analyzed in shoots of root-elicited plants. 

Secondary metabolite marker genes MYB51 and CYP71A12 were analyzed for their transcriptional change in 

shoots upon treatment of roots with the indicated elicitor (10 µM, three spots of 10 µL per root) for 3, 12 and 24 

hours by qRT-PCR. Expression was first normalized to that of the reference gene UBQ10 before calculation of 

expression relative to that of the control. The error bars show ± SE of the mean of three biological replicates. No 

significant differences were found compared to the control according to Student’s t-test.  

 

3.4 Discussion 

In order to study root-to-shoot signaling upon local MAMP and DAMP perception by roots, 

we developed a system using spliced Petri dishes. However, our evaluation revealed that 

diffusion of the solution between the two, separated compartments occurred within or along 

the roots (Fig. 3.2). Thus, the observed, systemic transcript induction of defense-related genes 

may result from the perception of small concentrations of diffused elicitors by shoot-localized 

PRRs. We believe that local elicitor applications should be performed carefully as minimal 

traces of elicitors can move throughout or alongside plants by capillary forces and be perceived 

in distal organs. Our results indicate that treatments of roots, for instance, by soil applications, 

dip-inoculation methods but also foliar spray-treatments cannot completely rule out the 

possibility that the stimulus is perceived by an untreated distal organ. Although experiments 

performed with microbial colonization might allow a better separation between roots and 

shoots due to colonization preferences or attraction of microbes to specific tissues through, for 

instance, root exudates, we think that generally caution with these systems should be taken. 

Notably, we recommend considering the passive diffusion of elicitor treatments when working 

with systemic signaling between plant organs to interpret results. 

In order to allow the study of long-distance systemic signals from roots to shoots, we set out 

to improve the system. For this purpose, we included a more robust aerial barrier separating 

root and shoot tissues, and applied elicitors on agar in order to minimize the passive flow of 

soluble MAMPs/DAMPs. This system proved to be reliable for local elicitor applications and 

allowed us to study the effect of restricted MAMP/DAMP treatments (Fig. 3.3a). We were 
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able to demonstrate that roots responded locally to the application of flg22 and AtPep1 (Fig. 

3.3b) whereas no induction in the expression of defense genes was observed in shoot tissues 

upon root treatments, indicating that the elicitors were not perceived in shoot tissues at 

concentrations sufficient to induce a response (Fig. 3.4-Fig. 3.7). Although eight of the ten 

selected genes have been shown to be involved in SA- or JA/ET-mediated systemic defense 

signaling pathways in plants, none of these genes analyzed was significantly induced in the 

shoots of the root-treated plants during the course of our experiment (Fig. 3.4-Fig. 3.6). The 

possibility remains that different genes could be induced, which we did not analyze. To 

overview the Arabidopsis leaf transcriptome upon MAMP treatment of roots, microarray or 

RNAseq experiments could be performed. Furthermore, different and additional time points 

may be considered as the induction of these genes after temporally more extended root 

treatments might still be observed. Usually, SAR becomes induced several days after 

perception of a biotic stress (Cameron et al., 1994). Our improved system is currently not 

optimal to study longer incubation periods as we observed that the plants started to dry after 

24 hours.  

Considering the diffusion of elicitors, grafting could provide a more advantageous and secure 

method to study long-distance signaling between plant organs upon long-time treatments. In 

the last decade, suitable grafting protocols have been developed for Arabidopsis, allowing the 

study of long-range signals from a molecular perspective (Bainbridge et al., 2014). However, 

grafting has been reported to be time-consuming and causing a wounding stress to the plant 

(Kumari et al., 2015). Therefore, we decided not to perform grafting experiments.  

With respect to MAMP/DAMP-induced systemic resistance, it will be interesting in the future 

to test whether MAMP or DAMP treatments of roots leads to a primed state of the aerial 

tissues. We believe that our newly developed experimental system is quick, easy and 

reproducible and therefore suitable to study immediate priming effects. However, the exact 

readouts and treatment times remain to be investigated. Preliminary experiments revealed that 

under our conditions, none of the selected marker genes was induced more strongly in flg22-

treated shoots upon MAMP or DAMP pretreatments of roots (Fig. S3.1). Interestingly, our 

preliminary results do not agree with previous studies, which show that upon local application 

of flagella from Pseudomonas fluorescens to Arabidopsis roots systemic resistance is induced 

(Meziane et al., 2005).   
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Finally, we hypothesize that systemic signals may move throughout the plant but are perceived 

only in specific recipient tissues in the shoot, where they induce cell-autonomous PTI 

responses. That might be a reason why we could not detect any systemic induction with our 

system as we investigated the whole shoots. If so, defense marker genes could be induced only 

in the vascular tissues, for instance, in companion cells and our system would not allow us to 

detect some transcriptional changes due to a dilution effect when harvesting whole shoots. In 

line with this idea, we found that PR1 and CYP71A12 were slightly induced upon flg22 or 

AtPep1 treatment, respectively, indicating a tendency for defense gene induction (Fig. 3.5, 

Fig. 3.7). In order to circumvent these problems, we propose that transgenic lines expressing 

either β-glucuronidase (GUS) or a fluorescent protein fused to a nuclear localizing sequence 

(for instance Venus3xNLS) (Vermeer et al., 2014) under the control of MAMP- or hormone- 

responsive promoters could be analyzed with the system described above. Promoter activity 

in the shoot could then be analyzed in a more sensitive manner upon local root treatments. As 

we hypothesized that a phloem-translocated signal would not be perceived by old source 

leaves but only by the smallest, young sink leaves, defense marker gene induction might be 

analyzed exclusively in sink leaves. Finally, we believe that an investigation at the protein 

level could lead to new information about systemic signaling from root-to-shoot upon local 

MAMP treatments. In support, previous studies revealed that local virus infection and 

wounding of plants lead to systemic induction of proteins, but only marginal transcript changes 

(Niehl et al., 2013). 

In conclusion, we provide here a simple, rapid and useful method to study systemic signaling 

from roots to shoots in Arabidopsis that avoids elicitor movement along plant surfaces and/or 

within roots often observed in other systems. Therefore, we believe that our method is reliable 

to study systemic responses upon local applications of signals related to immunity, 

development or abiotic stress. As we could not detect any significant modification in marker 

gene expression in shoots upon MAMP/DAMP treatment of roots, MAMP/DAMP-induced 

root-to-shoot signaling likely does not involve transcript changes.  
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3.5 Materials and methods 

3.5.1 Plant growth conditions 

Plants used were wild-type Arabidopsis (Arabidopsis thaliana L. Heynh cultivar 6 Columbia). 

Seeds were surface-sterilized and germinated on MS plates (half-strength 0.5 x Murashige and 

Skoog basal medium (Phyto-technology Laboratories) containing 1% sucrose and 0.8% 

phytoagar) for five days in a plant growth chamber (24 hours of photoperiod, 20°C). Seedlings 

were then transferred to square Petri dishes containing MS medium and agar and further grown 

vertically in the same conditions for 14 days. For assays, plants were carefully taken out from 

the plates and transferred to the spliced Petri dishes containing 2% of bactoagar and left 

overnight in the same conditions before treatment with elicitor.  

 

3.5.2 Staining with bromophenol blue 

100 µl of water containing ~0.01% of bromophenol blue was added to the 2 mL water in the 

compartment containing the roots of a spliced Petri dish. Vaseline was included in order to 

seal the junction between roots and shoots. After three hours, plants were photographed. 

 

3.5.3 Determination of gene expression 

Root and shoot tissues were collected after treatment of roots with 10 µM elicitor for 3, 12 and 

24 hours. Material was frozen and ground in liquid nitrogen. RNA from 50 mg tissue was 

extracted using the NucleoSpin RNA plant extraction kit (Macherey-Nagel) and treated with 

recombinant DNase according to the manufacturer’s recommendations. Per PCR reaction, 

complementary DNA was synthesized from 10 ng of RNA with oligo (dT) primers using the 

Avian Myeloblastosis Virus reverse transcriptase according to the manufacturer’s instructions 

(Promega). Quantitative real-time reverse transcription-PCR (qRT-PCR) was performed in a 

96-well format using a LightCycler®480 System (Roche Applied Science). Normalized 

expression to the reference gene UBQ10 was calculated using the qGene protocol (Muller et 

al., 2002). All primer sequences and accession numbers of genes analyzed by qRT-PCR are 

listed in Table S3.1.  
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3.5.4 Elicitor treatments 

Peptides, flg22 (QRLSTGSRINSAKDDAAGLQIA), AtPep1 (ATKVKAKQRGKEKV-

SSGRPGQHN) and elf18 (ac-SKEKFERTKPHVNVGTIG), were obtained from EZBiolabs 

and applied at a final concentration of 1 µM in the first system using Petri dishes. For local 

root treatments, the elicitors were dissolved in 0.4% agarose at a concentration of 10 µM and 

applied as spots of 10 µl on roots (three spots per root).  

 

3.6 Supplemental figure 

Fig. S3.1 Flg22-elicited transcript induction in shoots after pretreatment of roots with flg22 and AtPep1. 
Marker gene induction was investigated in shoots of root-treated seedlings after secondary application of flg22 

to shoots. (a) Roots were treated for 12 hours with the indicated elicitors or without elicitor (control) in the 

optimized system. For secondary challenge, all leaves were sprayed with 1 µM flg22 after 12 hours and shoot 

samples harvested 45 minutes later. (b) Roots were treated for six hours with the indicated elicitors or without 

elicitor (control) in the optimized system. Subsequently, seedlings were washed and transplanted to soil. For 

secondary challenge, flg22 was sprayed at a concentration of 1 µM to all leaves after six days and shoot tissue 

was harvested 45 minutes later. (a and b) Expression was first normalized to that of the reference gene UBQ10 

before calculation of expression relative to that of the control. The error bars show ± SE of the mean of three 

biological replicates. No statistically significant differences were found compared to the control according to a 

Student’s t-test.  
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3.7 Supplemental information: Development and assessment of 

new methods for studying root-to-shoot signaling 

3.7.1 Abstract 

In the course of this thesis, I have developed and tested several methods for their suitability to 

study the effect of local MAMP applications to roots on shoot transcript changes. However, 

most methods failed due to several technical problems. Particularly, I was not able to exclude 

the possibility that root-applied elicitors were perceived by shoot tissue due to movement of 

the elicitors. Here, I would like to give a short overview about the different methods 

additionally tested during my thesis to study root-to-shoot signaling and describe their 

advantages and drawbacks. All four approaches have been developed with the hope to restrict 

the movement of root-applied elicitors towards shoot tissue and to ensure local elicitor 

perception.  

 

3.7.2 Method I: Transgenic plants expressing FLS2 under root-specific 

promoters 

3.7.2.1 Method 

Transgenic plants expressing FLS2 only locally in the root under root tissue-specific promoters 

(Wyrsch et al. 2015; Chapter 2.2 of this thesis) were used.  

 

3.7.2.1.1 Expected advantages 

The system ensures a local perception of elicitors only in tissues where FLS2 is expressed and 

hence, excludes unspecific flg22 perception. Furthermore, we consider this system to be faster 

than, for instance, grafting of fls2 mutant scions with wild-type rootstocks, which additionally 

often causes stress for a plant. 

 

3.7.2.1.2 Drawbacks 

Not all promoters are root-specific, which may cause unspecific perception of flg22 by the 

shoot-expressed FLS2. Additionally, the absence of FLS2 expression in certain root tissues 

could be problematic as, for example, flg22 perception by the vasculature might be important 

for systemic root-to-shoot signaling.  
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3.7.2.2 Results and discussion 

First, shoots of two week-old seedlings were investigated for their ability to perceive flg22 

because we hypothesized that FLS2-GFP accumulation, although undetectable by confocal 

microscopy, might occur in shoots of the transgenic lines. Therefore, the FLS2 expression 

level in shoots was measured by qRT-PCR (Fig. S3.2a) and its functionality assessed by ROS 

production upon flg22 treatment in leaf discs of the corresponding transgenic lines (Fig. 

S3.2b). 

Although several of the selected promoters were specific for some distinct root tissues 

(Wyrsch et al., 2015; Chapter 2.2), all lines showed FLS2 transcript accumulation in the shoot 

when compared to those of wild-type levels (Fig. S3.2a). The UBQ10pro, SCRpro and 

PGP4pro:FLS2-GFP lines showed enhanced transcript levels when compared to wild-type 

levels whereas the LBD16pro, WERpro and ELTPpro:FLS2-GFP lines accumulate FLS2 

transcript levels comparable to wild-type levels (Fig. S3.2a). When isolated leaf tissue was 

investigated for its ability to perceive flg22, we were able to detect ROS accumulation in the 

lines showing higher FLS2 expression than Col-0, except for the SCRpro:FLS2-GFP 

expressing line. WERpro and ELTPpro:FLS2-GFP lines did not show ROS accumulation 

although expressing FLS2 at equal levels to those found in wild-type (Fig. S3.2b). This 

observation could be attributed to the fact that FLS2 is expressed only weakly in certain aerial 

tissues which might not be accessible by the elicitor or do not contribute to the ROS production 

in leaves. The absence of ROS production in the SCRpro:FLS2-GFP line could be explained 

by the fact that this line expressed FLS2 only in the shoot meristem (Wysocka-Diller et al., 

2000), but not in the leaf discs used in this analysis.  
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Fig. S3.2 Analysis of FLS2 expression and functionality in the shoots of transgenic lines. (a) Shoots of two 

week-old Arabidopsis fls2 mutants expressing FLS2-GFP under the indicated, “root-specific” promoters were 

analyzed for FLS2 expression by qRT-PCR. All lines showed FLS2 expression in shoots when compared to wild-

type Col-0. Expression was first normalized to that of the reference gene UBQ10 before calculation of expression 

relative to that of the wild-type control. Values show mean of three technical replicates ± SE. (b) Maximal ROS 

production in leaf discs of transgenic lines upon1 µM flg22 treatment. Columns represent mean values of 

maximal ROS production in three biological replicates with each performed with at least eight technical replicates 

Error bars show ± SE of the mean. RLU = reactive light units. 

 

All lines were analyzed for their ability to induce FRK1 transcription upon flg22 treatment of 

roots in spliced Petri dishes (as described in Chapter 3.3.1). In fact, all lines showed enhanced 

FRK1 transcript levels when compared to the ones of shoots of fls2 plants treated locally on 

roots with flg22 (Fig. S3.3). Nevertheless, the FRK1 transcript accumulation was weaker in 

the ELTPpro, SCRpro, PGP4pro and WERpro:FLS2-GFP lines when compared to wild-type 

levels, which could be due to several reasons. First, it is possible that the low level of shoot-

expressed FLS2 observed in lines ELTPpro and WERpro:FLS2-GFP (Fig. S3.2a) is 

responsible for the weaker FRK1 transcript levels in these lines. Second, FLS2 might only be 

expressed in these lines in shoot tissues which are less accessible or responsive to diffused, 

shoot perceived flg22. Third, it is possible that the nature of the root tissue perceiving flg22 

decides for the intensity of the systemic FRK1 transcript induction in the shoot. We have 

shown previously that the intensity of PTI responses in roots varied depending on the type of 

tissue where flg22 was perceived (Wyrsch et al., 2015; Chapter 2.2). Thus, the tissue identity 

detecting flg22 could play an important role also in systemic signaling. It needs to be 

considered that the lines ELTPpro, SCRpro, PGP4pro and WERpro:FLS2-GFP express FLS2 

only in the meristem, epidermis or endodermis. Thus, the absence of FLS2 expression in the 
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stele in these lines correlates with the absence of a systemic response in the shoot. Hence, we 

propose that flg22 perception in the stele or pericycle may be important in order to obtain a 

systemic signal, as PTI responses have been shown to be strongly induced in this tissue 

(Wyrsch et al., 2015; Chapter 2.2). In agreement with this idea, the wild-type, the UBQ10pro 

and LBD16pro:FLS2-GFP lines, all expressing FLS2 in the pericycle and/or stele (Chapter 

2.2; Fig. 2.7) show a strong systemic FRK1 induction in shoots upon root flg22 treatments 

(Fig. S3.3). However, as the FRK1 induction also correlated with the FLS2 expression level 

in shoots, except for the PGP4pro:FLS2-GFP line (Fig. S3.2a; Fig. S3.3), it is impossible to 

determine whether the shoot-localized FLS2 perceiving diffused flg22 is responsible for the 

FRK1 induction or whether the FRK1 transcription is indeed induced due to a systemic signal 

originating from roots. In view of these results, we decided not to investigate these lines in 

more detail. 

 

Fig. S3.3 Systemic FRK1 induction in shoots of root-treated transgenic plants. FRK1 induction in shoots 

upon 1 µM flg22 treatment of roots for three hours in spliced Petri dishes. Control is flg22-treated fls2 mutant. 

Expression was first normalized to that of the reference gene UBQ10 before calculation of expression relative to 

that of the control. Data show mean values of three technical replicates ± SE.  

 

3.7.2.3 Outlook 

To obtain further specificity of FLS2 expression, three more root-specific promoters, which 

were shown to express FLS2 only in the root (Christ et al., 2013), were cloned in front of the 

FLS2-GFP construct and transferred by stable transformation in fls2 plants. For this purpose, 

the HH32 (AT5G54310) promoter, controlling the accumulation of a late embryogenesis 

abundant protein-related/LEA protein-related, shown to be expressed in the root cap, 

columella and lateral root cap was selected. Furthermore, the HH29 (AT5G43520) promoter, 

controlling the accumulation of a DC1 domain-containing protein, active in the epidermis of 
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the root meristem, cortex, epidermis and endodermis of the mature part of the root and the 

HH24 (AT3G11550) promoter, controlling an integral membrane family protein (CASP2) 

expressed in the pericycle and endodermis of the mature part of the root were cloned. These 

promoters are described to express FLS2 in almost all root tissues and HH24 even strongly in 

the root pericycle (Christ et al., 2013). Moreover, to ensure expression of FLS2 in the 

vasculature, which might be important to generate a systemic signal, we additionally expressed 

FLS2-GFP under the control of the WOL/CRE1 promoter (Mähönen et al., 2000). These lines 

can further be investigated for systemic transcript induction upon root application of flg22.  

In future, these new tools should be useful to further analyze systemic MAMP signaling 

between roots and shoots. 

 

3.7.3 Method II: Generation and characterization of transgenic plants 

secreting flg22 autonomously 

3.7.3.1 Method 

Transgenic Arabidopsis plants which produce and secrete flg22 in the apoplast were generated. 

For this, the amino acid sequence of Pto DC3000 flg22 was reverse translated using the biophp 

translation tool (http://www.biophp.org/minitools/protein_to_dna/demo.php) and edited with 

the codon usage of Arabidopsis. The sequence was cloned and fused to the basic chitinase 

signal sequence in its N-terminus (flg22_sec), which had been shown to promote the secretion 

of GFP into the apoplast of N. benthamiana plants (Su et al., 2004). Flg22_sec was cloned 

under the control of the chimeric transactivator XVE (Zuo et al., 2000) to allow conditional 

flg22_sec expression upon estradiol treatment. Arabidopsis Col-0 plants were stably 

transformed with the corresponding plasmid. As control, we included the same construct but 

lacking the sequence coding for the two last amino acids of flg22. This shortened version, 

flg22-∆2, was shown to act as an antagonist of flg22 as it is recognized by the receptor FLS2 

without triggering immune responses (Bauer et al., 2001). As further control, we generated 

plants lacking the functional flg22 receptor FLS2 (fls2) expressing flg22_sec.  
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3.7.3.1.1 Expected advantages  

This system allows the induction of flg22 only locally in specific tissues upon local estradiol 

treatment.  

 

3.7.3.1.2 Drawbacks 

In addition to the secreted flg22, the locally applied estradiol might also move along the plant, 

especially as it is dissolved in ethanol.  

 

3.7.3.2 Results and discussion 

Col-0 plants were transformed with flg22_sec and flg22-∆2_sec and fls2 plants with flg22_sec. 

Independent lines were isolated and tested in the T2 generation. Seeds were germinated on 

agar plates without antibiotic selection and one seedling was placed into each well of a 24-

well plate either containing 10 µM of estradiol or ethanol as control. Pictures were taken after 

eight days of treatment and one representative line for each construct has been selected for 

further investigation (Fig. S3.4). The phenotype of the flg22_sec expressing Col-0 plants 

clearly showed that estradiol treatment led to a growth inhibition phenotype comparable to 

long-term flg22 treatment. However, the fact that this phenotype was also detectable in 

ethanol-treated plants might indicate that the XVE transactivator was slightly leaky. As flg22 

can induce PTI responses already at nanomolar concentrations (Mueller et al., 2012b), we 

suggest that over this long-term treatment, a relatively small amount of secreted flg22 could 

lead to the observed phenotype. By contrast, estradiol treatment did not elicit any change in 

phenotype in the transgenic Col-0 plants expressing flg22-∆2_sec or the fls2 plants expressing 

flg22_sec when compared to the control treatment (Fig. S3.4b,c). These results support the 

idea that the observed growth inhibition phenotype in flg22_sec expressing Col-0 plants 

indeed results from intact flg22 secretion and perception (Fig. S3.4a).  
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(a) (b) (c) 

flg22_sec 

  control         estradiol 

flg22-∆2_sec 

control         estradiol 

flg22_sec_fls2 

control        estradiol 

   

Fig. S3.4 Growth phenotype of transgenic Arabidopsis lines expressing flg22_sec or flg22-∆2_sec. Growth 

phenotype of transgenic Arabidopsis T2 wild-type lines transformed with estradiol-inducible flg22_sec (a) and 

flg22-∆2_sec (b) or fls2 mutant lines transformed with estradiol-inducible flg22_sec (c). Seedlings were treated 

for eight days with 10 µM estradiol and photographed. 

 

To test whether estradiol-induced flg22 secretion led to the activation of PTI in transgenic 

plants, two week-old seedlings grown in liquid MS media (without preselection on 

hygromycin) were treated with 10 µM estradiol for 24 hours. Total RNA was extracted from 

a pool of 12 T2 seedlings and FRK1 transcript accumulation was measured by qRT-PCR and 

compared to the one measured for the ethanol control treatment. Our data showed that all lines 

expressed the flg22_sec or flg22-∆2_sec construct (Fig. S3.5b). Interestingly, the results 

indicated that only wild-type plants expressing the flg22_sec construct showed enhanced 

FRK1 transcript accumulation upon estradiol application. The seedlings expressing the 

flg22_∆2_sec or the fls2 plants expressing flg22_sec remained unresponsive to the estradiol 

application (Fig. S3.5a). Remarkably, these data indicate that active flg22 is produced and 

secreted into the apoplast in planta. 
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Fig. S3.5 Transcript levels of FRK1 and flg22_sec in transgenic seedlings. 12 two week-old segregating T2 

seedlings were treated for 24 hours with 10 µM estradiol and analyzed for the levels of transcripts of FRK1 (a) 

and flg22_sec or flg22-∆2_sec (b). The control treatment is ethanol. Expression of flg22_sec and flg22-∆2_sec 

was first normalized to that of the reference gene UBQ10 before calculation of expression relative to that of the 

background expression level. Data show mean values of two biological replicates ± SD. 

 

Although the results implied that flg22 was secreted by transgenic Arabidopsis seedlings, 

several factors need to be considered when applying the method for investigation of systemic 

signaling. The most problematic point might constitute the treatment time. The plants were 

treated for 24 hours in our system, thus, when applying estradiol locally to roots to trigger 

local flg22 secretion for such a long period, the risk of estradiol diffusion towards the shoot 

tissue may increase. Hence, shorter treatment conditions might be used but we first need to 

study the exact kinetics of the flg22 production and secretion by plants.  

Although our results indicate that flg22 is actively secreted by intact cells, its secretion cannot 

easily be detected in intact seedlings. Note that we did not include a tag in the flg22_sec 

construct as this could inhibit secretion of the small peptide into the apoplast. Hence, we 

cannot rule out the possibility that flg22 overexpression in cells might be toxic leading to the 

observed growth inhibition phenotype (Fig. S3.4). Flg22 might be stuck in the endoplasmatic 

recticulum or other organells instead of being secreted into the apoplast. Therefore, in order 

to prove that flg22 is indeed secreted and active, we have tried to perform classical apoplastic 

extractions with flg22_sec transformed Col-0 plants after estradiol treatment. With this 

apoplastic extractions, other plant samples were treated and analyzed for increased ethylene 

production. However, we faced several technical problems mainly due to the buffer conditions, 

weak ethylene production of treated plants or insufficient extract (data not shown). Thus, we 
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rely on destructive methods such as ROS or qRT-PCR assays as readouts for the activity of 

the peptide, which do not simultaneously prove its secretion.  Finally, it needs to be considered 

that the actively, in planta secreted flg22 might also be moving inside the vascular system or 

at the plant’s surface. Thus, systemic PTI induction might result from this diffusion and shoot 

perception of the secreted flg22. Due to these assumptions, more work needs to be performed 

to specifically characterize the transgenic lines.  

 

3.7.3.3 Outlook 

Our data indicate that flg22 can be produced and secreted in planta. In view of these results, 

we think that the newly generated transgenic plants might be used to study different effects of 

flg22 secretion. Nevertheless, we encountered a problem when using them for investigating 

systemic signaling as we believe that locally applied estradiol might move along the plant. 

Nevertheless, we produced root tissue-specific flg22 secreting lines and the use of root tissue-

specific promoters under the control of the estradiol-inducible transactivator XVE would 

further allow to induce flg22 only locally in the root and could help to study the effects of 

tissue- or organ-specific flg22 perception. Remarkably, the group of our Sinergia project 

partner Niko Geldner from the University of Lausanne succeeded to produce such an inducible 

root-specific promoter, which could now be fused to the flg22_sec construct. In addition, the 

applied strategy and cloning method could be employed to analyze the effects of in planta 

secretion of additional peptides such as endogenous AtPeps but also microbe-derived 

molecules. In addition, the system may help to produce other peptides as, for instance, for 

pharmaceutical use which could be gained by purification of apoplastic washes.  
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3.7.4 Method III: Transgenic plants expressing FLS2 under the control of 

an estradiol-inducible transactivator 

3.7.4.1 Method  

A homozygous line expressing FLS2 under the estradiol-inducible transactivator XVE (Zuo 

et al., 2000) in the fls2 background, kindly provided by Delphine Chinchilla, was used. Upon 

local estradiol treatment, FLS2 expression could be induced only locally in roots ensuring 

specific flg22 perception.  

 

3.7.4.1.1 Expected advantages 

This method provides the advantage that FLS2 expression can be induced in roots only. Hence, 

the possibility that root-applied flg22 is perceived by FLS2 expressed in shoots can be 

excluded. 

 

3.7.4.1.2 Drawbacks 

The root-applied estradiol and/or flg22 might still move along the plant. Furthermore, FLS2 

expression was induced only weakly in roots upon estradiol application.  

 

3.7.4.2 Results and discussion 

Transgenic plants were grown vertically on agar for three weeks and placed on the spliced 

Petri dishes overnight (Chapter 3.3.1). The following day, roots were treated with either 10 

µM estradiol or ethanol as control. After five hours, flg22 was added to the root compartment 

at a final concentration of 1 µM and root and shoot tissues were harvested separately three 

hours later. The shoot tissue was then analyzed for PTI marker gene transcript accumulation 

by qRT-PCR. The genes under investigation were PTI markers (FRK1, PER5 and 

NDR1/HIN1-LIKE 10 (NHL10)) as well as a marker for the SA signaling pathway (PR1) used 

also in Chapter 3. Our data indicate that flg22 was perceived locally by root tissues because 

the PTI markers PER5 and FRK1 were induced even if FLS2 was only weakly expressed (Fig. 

S3.6a).  

Nevertheless, no systemic defense gene induction was detectable in the aerial tissues (Fig. 

S3.6b). The analysis remains preliminary and in future, it will be important to include other 

markers such as additional hormonal signaling markers. Furthermore, the kinetics of the gene 
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transcript accumulation need to be investigated. It has been previously suggested that the 

various genes exhibited their maximal induction values at different time points of MAMP 

treatment (Domínguez-Ferreras et al., 2015; Chapter 2.2.3.3; Fig. 2.10). Therefore, it is 

important to perform time course experiments.  

The slight induction of the FLS2 transcript levels in the shoot further indicates that estradiol 

might have induced FLS2 expression in this tissue due to its diffusion towards the shoot (Fig. 

S3.6a). Surprisingly, this up-regulation in FLS2 expression was not sufficient to perceive flg22 

in shoot tissues as no other genes tested were up-regulated in the shoot. Eventually, flg22 did 

not diffuse towards aerial tissues, possibly due to the shorter treatment period of only three 

hours compared to the five hours estradiol treatment. However, this indicates a potentially 

increased diffusion risk when analyzing longer treatment conditions.  

(a) (b) 

 

 

Fig. S3.6 FLS2 and marker gene transcript accumulation in root-treated plants. Plants expressing FLS2 

under the control of the estradiol-inducible transactivator XVE were treated locally on roots with 10 µM estradiol 

or ethanol as control for five hours. Subsequently, 1 µM flg22 was added to roots for three more hours in spliced 

Petri dishes. (a) Relative expression levels of FLS2 normalized to the reference gene UBQ10 expression in roots 

and leaves are shown. (b) Fold change of marker gene expression in roots and shoots analyzed by qRT-PCR. 

Expression was first normalized to that of the reference gene UBQ10 before calculation of expression relative to 

that of the control. (a and b) Data show mean values of two biological replicates ± SD.  

 

3.7.4.3 Outlook 

Unfortunately, this system does not yet allow to exclude elicitor and/or estradiol diffusion. 

Nevertheless, it provides the advantage to quickly analyze and exclude FLS2 expression in 

shoots by qRT-PCR or Western blot. Furthermore, it poses the possibility to study systemic 

marker gene induction under different treatment conditions as, for instance, period of 

induction. It is possible that the transcription levels of the genes analyzed or other genes are 
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induced in distal organs upon longer flg22 root treatments. Furthermore, extended estradiol 

treatments might increase the level of FLS2 expression in roots but in the meantime also 

increase the risk of elicitor and estradiol diffusion. Thus, although in theory the system 

provides the advantage to exclude unspecific FLS2 expression, we nevertheless believe that it 

is quite time-consuming and risky as two factors might move along the plant (estradiol and 

flg22). 

 

3.7.5 Other methods reducing the contact between roots and shoots 

In general, the different systems tested so far indicated that the PTI marker genes FRK1 and 

PER5 were not induced systemically in shoot tissues when flg22 was perceived specifically 

by roots. This observation helped us to control the reliability of our systems and we decided 

to continue working with wild-type plants, which also facilitates our experiments as they 

require less controls and treatments and instead allow analyzing more time points and genes. 

Therefore, we aimed at developing a growing method to simultaneously germinate a high 

number of plants, allowing a direct treatment of roots and in the meantime reduce the risk of 

elicitor diffusion.  

 

3.7.5.1 Methods  

3.7.5.1.1 Method A: Plants grown in tip boxes containing agar-filled tips 

Tip boxes were filled with liquid MS medium without sucrose. The tips were filled with 

medium containing agar and one sterilized seed was placed on top of each tip for germination 

(Fig. S3.7). 

 

Fig. S3.7 Schematic representation of the growing 
system with tip boxes. Seeds were germinated in tips 

containing agar. The bottom of the tip box was filled 

with liquid MS medium.  

 

 

 

liquid MS
(+flg22)
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3.7.5.1.2 Method B: Plants grown on impermeable foam floating on liquid MS medium 

Impermeable polyether foam (Jaece, Identi-Plugs, L800-A) was cut into 1-2 mm discs and 

autoclaved. One disc was placed in each well of a 24-well plate containing 1 mL MS. A small 

drop of agar was added onto each disc and two sterilized seeds were placed on top (Fig. S3.8). 

 

Fig. S3.8 Illustration of the growing system 
with impermeable foam. Seeds were 

germinated on an impermeable foam cylinder 

floating on liquid MS medium in 24-well plates. 

 

 

 

3.7.5.1.3 Method C: Plants grown on styrofoam ships containing a hole filled with agar 

Styrofoam rings were cut containing a small hole in each ring. The styrofoam was sterilized 

in ethanol overnight. After drying, one ring per well was added into a 24-well plate and the 

hole was filled with MS containing agar. Rings were floating on 1 mL liquid MS media and 

one seedling per ring was added onto the agar-containing hole (Fig. S3.9).  

 

Fig. S3.9 Illustration of the growing system 
with styrofoam rings. Seeds were 

germinated on agar-filled holes of a styrofoam 

ring floating on liquid MS medium in 24-well 

plates. 
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3.7.5.1.4 Expected advantages  

All systems were meant to reduce the risk of elicitor diffusion between roots and shoots. They 

could be quickly set up and allow the immediate treatment of roots without handling the plants. 

The movement of the solution from roots to shoots could be observed by staining of the elicitor 

solution in which the roots were placed. Furthermore, all systems allowed growing a high 

number of plants.  

 

3.7.5.1.5 Drawbacks  

In all cases, we faced problems of low-rate germination, high contamination with fungi and/or 

bacteria and leakiness as none of the systems was impermeable to bromophenol blue staining 

(data not shown). Therefore, the systems were not further employed. 

 

3.7.6 Conclusion 

Although several of the methods described above have the potential to be further employed in 

order to study systemic root-to-shoot signaling or other signaling aspects, we continued our 

studies using wild-type Arabidopsis plants treated in the optimized system described in 

Chapter 3.3.3.  
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3.7.7 Supplemental materials and methods 

3.7.7.1 Plant growth conditions 

Plant materials used were wild-type Arabidopsis (Arabidopsis thaliana L. Heynh cultivar 6 

Columbia) and the mutant fls2 (Zipfel et al., 2004) (SALK_062054C). Unless stated 

otherwise, seeds were surface-sterilized and placed on MS (0.5 x Murashige and Skoog basal 

medium (Phyto-technology Laboratories) containing 1% sucrose and 0.8% phytoagar). After 

stratification for two days at 4°C, they were placed in a plant growth chamber with continuous 

light for two weeks (24 hours of photoperiod, 20°C).  

 

3.7.7.2 Measurement of reactive oxygen species 

For ROS assays, leaf discs of two week-old plants grown in liquid MS were placed into each 

well of a Lia White 96-well plate (Greiner Bio-One) in 0.1 mL water and kept in the dark 

overnight. For elicitation and ROS detection, horseradish peroxidase (Sigma-Aldrich) and 

luminol L012 (Sigma-Aldrich) was added to a final concentration of 10 µg/mL and 100 µM, 

respectively. Luminescence was measured directly after addition of elicitor peptides in a 

MicroLumat LB96P plate reader (Berthold Technologies) for 30 minutes.  

 

3.7.7.3 Peptides and solutions 

Peptides of flg22 (QRLSTGSRINSAKDDAAGLQIA), AtPep1 (ATKVKAKQRG 

KEKVSSGRPGQHN) and elf18 (ac-SKEKFERTKPHVNVGTIG) obtained from EZBiolabs 

were dissolved to a 1 mM final concentration in water. β-estradiol (Sigma, E2758) was 

prepared as a stock solution at a final concentration of 10 mM in ethanol (100%).  

 

3.7.7.4 Determination of gene expression 

Root or shoot tissue of two week-old seedlings was frozen and ground in liquid nitrogen. RNA 

from 50 mg tissue was extracted using the NucleoSpin RNA plant extraction kit (Macherey-

Nagel) and treated with recombinant DNase according to the manufacturer’s 

recommendations. Per PCR reaction, complementary DNA was synthesized from 10 ng of 

RNA with oligo (dT) primers using the Avian Myeloblastosis Virus reverse transcriptase 

according to the manufacturer’s instructions (Promega). Quantitative real-time reverse 

transcription- PCR (qRT-PCR) was performed in a 96-well format using a LightCycler®480 



ROOT-TO-SHOOT SIGNALING IN ARABIDOPSIS CHAPTER 3 

 

– 129 – 

 

System (Roche Applied Science). Normalized expression to the reference gene UBQ10 was 

calculated using the qGene protocol (Muller et al., 2002). All primer sequences and accession 

numbers of genes analyzed by qRT-PCR are listed in Table S3.1. 

 

3.7.7.5 Cloning of flg22_sec 

The published secretion signal of an Arabidopsis vacuolar basic chitinase (Haseloff et al., 

1997) was amplified from genomic DNA (BasChiSec). A Sma1 restriction site was integrated 

at the C-terminal end (Table S3.1). The purified sequence was introduced into the pDon207 

vector by BP cloning according to standard methods (GATEWAY® Invitrogen). The amino 

acid sequence of Pto DC3000 flg22 was reverse translated (http://www.biophp.-

org/minitools/-protein_to_dna/demo.php) and edited with the codon usage of Arabidopsis 

(http://www.kazusa.or.jp/codon/; http://eu.idtdna.com/CodonOpt). The cloning of flg22_sec 

and flg22-∆2_sec was performed with overlapping primer sequences (Table S3.1) containing 

a stop codon and the overlap was performed at a melting temperature of 66°C. The purified 

sequence was introduced into the by Sma1 digested pDon207 vector, containing the basic 

chitinase signal sequence, by blunt end cloning. Then, the fused sequence was introduced by 

LR cloning into the pMDC7 plasmid containing the chimeric transactivator XVE (Zuo et al., 

2000). The plasmid was kindly provided by Nam-Hai Chua (Rockefeller University, NY, 

USA). XVE is a fusion of the DNA-binding domain of the bacterial repressor LexA (X), the 

acidic transactivating domain of VP16 (V) and the regulatory region of the human estrogen 

receptor (E; ER). The transactivating activity of the chimeric XVE factor is strictly regulated 

by estrogens allowing a rapid induction of gene expression in response to estradiol treatment 

(Zuo et al., 2000).  
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Table S3.1 Primer sequences for qRT-PCR and cloning of flg22_sec/flg22-∆2_sec. 

Gene name ID forward primer reverse primer 

qRT-PCR 

UBQ10 AT4G05320 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAG 

FRK1 AT2G19190 TGCAGCGCAAGGACTAGAG ATCTTCGCTTGGAGCTTCTC 

PER5 AT1G14550 TCTCAATGCTTCTTGTTCCG CTAGATCCAATGCTGCCAGA 

PR1 AT2G14610 TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG 

PR5 AT1G75040 GGAACTCTCGCCGGTCAAG TTTGAATTGACTCCAGGTGCTTC 

PDF1.2 AT5G44420 TGTTCTCTTTGCTGCTTTCGACGC TGTGTGCTGGGAAGACATAGTTGC 

LOX2 AT3G45140 CTATGGAATCTTCGTAAGACTCATG CGGCTGAACTTAGCTCTAATGCATA 

LOX3 AT1G17420 CGGATAGAGAAAGAGATTGAGAAAAGGAAC AGGTACACCTCTACACGTAACACCAGG 

EDS5 AT4G39030 CTCTTGGACCGGGAACAGTA GTGCGCTTCTTTCTTGTCC 

CYP71A12 AT2G30750 GATTATCACCTCGGTTCCT CCACTAATACTTCCCAGATTA 

MYB51 AT1G18570 ACAAATGGTCTGCTATAGCT CTTGTGTGTAACTGGATCAA 

NHL10 AT2G35980 TTCCTGTCCGTAACCCAAAC CCCTCGTAGTAGGCATGAGC 

FLS2 AT5G46330 ACTCTCCTCCAGGGGCTAAGGAT AGCTAACAGCTCTCCAGGGATGG 

flg22_sec - TGCCTCCACAAAAAGAAAACCA TAGACAGTCTTTGGGGCTCG 

Cloning 

BasChiSec - 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTG

ATGCCTCCACAAAAAGAAAACATAG 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCC

CGGGCTCGGCCGAGGATAATGATAG 

flg22 - 
CAAAGACTGTCTACTGGATCTAGAATTAACTCT

GCTAAGGATGATGCT 

CTAAGCAATTTGCAGTCCAGCAGCATCATCCTT

AGCAGA 

flg22-∆2 - GATCTAGAATTAACTCTGCTAAGGATGATGCT 
AAGTTTAAACGCCACGTGTTGCAGTCCAGCAG

CATCATC 
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4.1 Abstract 

Plants possess a sophisticated layered immune system for defense against invading pathogens. 

The first layer of active defense in plants is pattern-triggered immunity (PTI) that relies on the 

perception of conserved microbe- or pathogen-associated molecular patterns (MAMPs or 

PAMPs). Although believed to be specific for microbes, it was recognized recently that PTI 

also restricts virus infection in plants. However, the nature of the viral or infection-induced 

PTI elicitors and the underlying signaling pathways are still unknown. Here we show that in-

vitro-generated double-stranded (ds)RNA and its synthetic analogue, polyinosinic-

polycytidylic acid (poly(I:C)) induce typical PTI responses such as the activation of the 

MITOGEN-ACTIVATED PROTEIN KINASES (MPKs) 6 and 3, ethylene synthesis, defense 

gene expression and seedling growth inhibition in Arabidopsis thaliana, suggesting that 

dsRNA represents a bona fide PAMP in planta. Consistently, treatment with dsRNA induced 

antiviral resistance. During virus infection dsRNAs occur as viral replication intermediates 

and are known to trigger antiviral RNA silencing through interaction with the dsRNA-

processing dicer-like proteins DCL4 and DCL2. dcl2,4 mutants exhibited constitutive 

expression of PTI-related genes and still responded to dsRNA and its analogue by MAPK 

activation and ethylene synthesis, indicating that DCLs play no role in the perception of the 

dsRNA elicitor but rather act as negative regulators of PTI. Interestingly, poly(I:C) treatment 

significantly reduced DCL1 and DCL4 expression. Hence, dsRNA-induced PTI and RNA 

silencing represent two defense layers that undergo mutual regulation and may act in a 

concerted balance during viral attack.  
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4.2 Significance statement 

The first layer of the plant immune system is based on receptor-mediated recognition of 

conserved microbial patterns to ward off microbial pathogenic invaders. However, whether 

plants also recognize virus-associated molecular patterns to induce antiviral immunity remains 

largely unexplored. In animals, viral double-stranded (ds)RNAs associated with viral 

replication induce signaling cascades to establish an antiviral state. Here, we tested whether 

dsRNAs also induce signaling and immune responses in plants. We found that elicitation of 

Arabidopsis with dsRNA induces immune signaling and dsRNA treatment protects plants 

against virus infection. Furthermore, this immune response is different from antiviral silencing 

and cross-talk may exist between dsRNA-mediated antiviral immunity and antiviral silencing. 

Hence, our data identify dsRNA as elicitor inducing antiviral pattern-triggered immunity in 

plants.  

 

4.3 Introduction 

Antiviral defense in plants is known to involve RNA silencing (Ding and Voinnet, 2007; 

Incarbone and Dunoyer, 2013; Pumplin and Voinnet, 2013; Szittya and Burgyán, 2013). 

During antiviral silencing, viral double-stranded (ds)RNA replication intermediates are 

specifically recognized by the plant dicer-like proteins and cleaved into short-interfering 

(si)RNA duplexes. Viral siRNAs are then loaded into Argonaute-containing RNA-induced 

silencing complexes (RISCs) and guide the complex to the complementary viral messenger 

RNA or viral genomic RNA for cleavage. However, recently, it was shown that plants 

recognize viruses also by pattern-triggered immunity (PTI) (Yang et al., 2010b; Kørner et al., 

2013). PTI is a well-known antimicrobial defense response triggered by specific recognition 

of conserved microbe- or pathogen associated molecular patterns (MAMPs or PAMPs) such 

as bacterial flagellin, lipopolysaccharides, or fungal chitin by pattern recognition receptors 

(PRRs) at the plasma membrane. Upon stimulation of a PRR, a downstream signaling cascade 

is activated, involving changes in ion fluxes across the plasma membrane, a burst of reactive 

oxygen species, activation of the MITOGEN-ACTIVATED PROTEIN KINASES (MAPKs), 

specifically MPK6, MPK3 and MPK4, and activation of hormone signaling (Boller and Felix, 

2009; Pieterse et al., 2012; Frei dit Frey et al., 2014). These signaling events ultimately lead 

to cell wall strengthening, defense gene expression, and the production of antimicrobial 

compounds. To counteract these defense responses, microbial pathogens have evolved 
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effectors, which are released into infected cells and inhibit the signaling cascade at different 

steps (Tsuda and Katagiri, 2010; Zhang and Zhou, 2010; Weiberg et al., 2013; Doehlemann et 

al., 2014; Macho and Zipfel, 2015), thus leading to effector-triggered susceptibility (ETS). As 

part of the continuous evolutionary arms race, some plants developed resistance proteins 

capable of recognizing the effectors and reestablishing resistance. This type of immune 

response is called effector-triggered immunity (ETI) (Cui et al., 2015).  

A role of PTI in antiviral defense was recently demonstrated in Arabidopsis by showing that 

mutants in the PRR coreceptor kinase BAK1/SERK3 (for BRASSINOSTEROID 

INSENSITIVE1 (BRI1)-ASSOCIATED RECEPTOR KINASE 1, also named SOMATIC 

EMBRYOGENESIS RECEPTOR-LIKE KINASE 3) exhibit increased susceptibility to 

different RNA viruses and that Arabidopsis plants respond to crude extracts from virus-

infected plants, but not to purified virions, in a BAK1-dependent manner (Kørner et al., 2013). 

Consistently, also the BAK1-related SERK-family members BKK1/SERK4 and NIK1 

(NUCLEAR SHUTTLE PROTEIN (NSP)-INTERACTING KINASE) have been shown to be 

involved in virus resistance (Fontes et al., 2004; Yang et al., 2010b; Zorzatto et al., 2015). 

Together, these data implicate PTI-associated kinases in antiviral defense and suggest that 

viral or virus-induced elicitors are present in crude plant extract of virus-infected cells. 

However, up to now, the molecular nature of these elicitors has remained elusive. 

Here, we explored whether dsRNAs are recognized as genuine PAMPs in plants. The 

production of dsRNA is a hallmark of viral replication and represents a conserved molecular 

pattern associated with virus infection. In vertebrates, specific, membrane-bound PRRs of the 

Toll-like receptor family (TLR3, TLR7 and TLR9) and intracellular retinoic acid inducible 

gene-1 (RIG-1)-like receptors perceive viral dsRNA, ssRNA and DNA (Arpaia and Barton, 

2011; Berke et al., 2013; Brencicova and Diebold, 2013; Peisley and Hur, 2013). Perception 

leads to downstream signaling, global suppression of protein synthesis and establishment of 

the antiviral state. We show that dsRNA and its synthetic analogue poly(I:C) induce typical 

PTI responses in plants, including induction of MPK6 and MPK3, ethylene (ET) synthesis and 

defense gene expression. Moreover, poly(I:C) treatment induced seedling growth inhibition, a 

phenotype associated with activation of plant immunity. Consistent with the hypothesis that 

dsRNAs are perceived as viral PAMPs in plants, dsRNA treatment of plants protected against 

virus infection. We also show that the two main antiviral dicer-like proteins DCL2 and DCL4 

(Deleris et al., 2006; Ziebell and Carr, 2009; Garcia-Ruiz et al., 2010) are likely not the dsRNA 

receptors conferring PTI. However, defense-related gene expression as well as expression of 
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the salicylic acid (SA)-dependent systemic acquired resistance (SAR) marker PR1 was 

significantly induced in dcl2,4 mutants, and treatment with the dsRNA analogue poly(I:C) 

reduced DCL expression levels in wild-type. Our data identify dsRNA as a molecular pattern 

recognized in plants for the establishment of PTI and indicate negative cross-talk between 

RNA silencing and immunity. 

 

4.4 Results 

4.4.1 dsRNAs induce PTI resonses in plants 

To investigate whether dsRNA represents a genuine PAMP in plants we applied in-vitro-

synthesized 746 bp-long dsRNA derived from a DNA encoding GFP, or the synthetic dsRNA 

analogue and TLR3 agonist poly(I:C) to Arabidopsis leaf discs and analyzed MAPK activation 

on immunoblots probed with antibodies against phosphorylated MAPKs. Application of 

dsRNA and poly(I:C) resulted in MPK6 and MPK3 activation, as did application of the known 

bacterial elicitor flg22, but application of siRNA did not (Fig. 4.1a). The specific signal for 

phosphorylated MAPKs remained when the poly(I:C) elicitor was treated with proteinase K, 

but it disappeared when the poly(I:C) elicitor was degraded by RNAse (Fig. 4.1b), indicating 

that the elicitor was indeed of RNA nature. Activity of proteinase K and RNAse were 

confirmed by digestion of flg22 with proteinase K and analysis of MAPK activation by 

immunoblot, and analysis of RNAse-digested poly(I:C) on agarose gels, respectively (Fig. 

S4.1). To confirm a role of MPK6 and MPK3 in dsRNA-mediated signaling, we tested MAPK 

activation in mpk6 and mpk3 mutant plants elicited with poly(I:C). Absence of the MPK3-

specific signal in mpk3 mutants and of the MPK6-specific signal in mpk6 mutants upon 

elicitation confirmed that dsRNA-signaling indeed involved activation of MPK6 and MPK3 

in Arabidopsis shoots and roots (Fig. S4.2). To further analyze the dsRNA-mediated signaling 

cascade, we investigated ET production, another well-known marker of the PTI response 

(Boller and Felix, 2009). Poly(I:C) treatment led to a significant increase of ET synthesis as 

did the positive control flg22 (Fig. 4.1c), thus suggesting that dsRNA acts as a bona fide 

elicitor inducing downstream PTI responses in plants.  
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Fig. 4.1 Detection of MAPK phosphorylation and ethylene production upon dsRNA treatment of 
Arabidopsis leaves. (a) Immunoblot to detect MAPK phosphorylation in Arabidopsis leaf discs treated with 

flg22, GFP-dsRNA, poly(I:C), GFP siRNA, PBS, or water. The blot was probed with an antibody against 

phosphorylated MAPKs. (b) Immunoblot to detect MAPK phosphorylation in Arabidopsis leaf discs treated with 

proteinase K-treated poly(I:C) or PBS, or with RNAse A/T1-digested poly(I:C), RNAse A/T1-digested PBS, or 

non-digested poly-(I:C). Blots were probed with an antibody against phosphorylated MAPKs. (a and b) As equal 

loading control, immunoblots were re-probed with anti-UGPase antibody. (c) Ethylene production by 

Arabidopsis leaf strips treated with flg22, poly(I:C), PBS or water. Data represent mean values of n=6 biological 

replicates ± SE. Significant differences compared to control are marked by asterisks (P < 0.05, Student’s t-test). 

 

We also tested whether poly(I:C) treatment induced seedling growth inhibition, a 

characteristic late PTI response, and observed significantly reduced root growth in seedlings 

grown in poly(I:C)-containing medium compared to control plants (Fig. 4.2).  

(c) 

(b) (a) 
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Fig. 4.2 Seedling growth inhibition upon poly(I:C) treatment. (a) Photographs of representative Arabidopsis 

seedlings after treatment with flg22, poly(I:C), PBS, or water for eight days. (b) Root length of Arabidopsis 

seedlings treated with flg22, poly(I:C), PBS, or water  for eight days. Data represent mean ± SE of n = 8 individual 

seedlings. Asterisks indicate significant differences (P < 0.05, Student’s t-test) to water and PBS controls, 

respectively. 

 

Next, we investigated whether poly(I:C) treatment resulted in the induction of PTI-responsive 

gene expression. We selected PTI-responsive candidate genes from publicly available gene 

expression data (Genevestigator, Hruz et al., 2008; materials and methods 4.6.8). Among the 

genes induced upon flg22 and poly(I:C) treatment were classical PTI-response genes such as 

PROPEP3 and ANTIFUNGAL PROTEIN; however, we also found enhanced expression levels 

of the ROS-related genes RBOHD and ANIONIC PEROXIDASE, of the SA-dependent EDS5, 

and of the lipid- and jasmonic acid-signaling genes PHOSPHOLIPASE A 2A and 

LIPOXYGENASE 3 (Table 4.1).  

 

 

 

 

 

 

 

 

(a) (b) 
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Table 4.1 Expression of pattern-triggerd immunity (PTI)-related genes upon poly(I:C) and flg22 
treatment. 

 poly(I:C) flg22 

gene name
† 

fold change vs. PBS* fold change vs. PBS* 

PROPEP3 6.99 ± 0.62 230.94 ± 0.41 

ANTIFUNGAL PROTEIN 29.08 ± 0.45 26.20 ± 0.30 

RBOHD 1.75 ± 0.29 1.98 ± 0.22 

POD 3.62 ± 0.39 18.25 ± 0.37 

EDS5 15.92 ± 0.67 3.20 ± 0.30 

PLPA2 2.62 ± 0.60 14.59 ± 0.41 

LOX3 9.09 ± 0.64 3.70 ± 0.62 

BAK1 1.39 ± 0.12 5.74 ± 0.26 

SOBIR1 1.84 ± 0.12 1.45 ± 0.20 

BRI1-LIKE KINASE 3 3.30 ± 0.36 2.71 ± 0.40 

AtCRK4 2.19 ± 0.37 4.13 ± 0.16 

SERK1 1.61 ± 0.43 2.60 ± 0.35 

SERK2 0.56 ± 0.28 1.04 ± 0.21 

SERK4 1.57 ± 0.35 3.80 ± 0.32 

SERK5 0.68 ± 0.23 1.28 ± 0.25 

PR1 0.78 ± 1.29 1.40 ± 1.31 

PR5 2.45 ± 0.81 0.89 ± 0.53 

PDF1.2 1.30 ± 0.62 0.81 ± 0.58 

*Averages of four biological replicates ± coefficient of variation are shown. Significant (P < 0.05 Student’s t-

test) gene expression changes compared to PBS-treated controls are marked in bold. †PROPEP3, ELICITOR 

PEPTIDE 3 PRECURSOR; RBOHD, RESPIRATORY BURST OXIDASE HOMOLOG D; POD, ANIONIC 

PEROXIDASE; EDS5, ENHANCED DISEASE RESISTANCE 5; PLPA2, PHOSPHOLIPASE A 2A; LOX3, 

LIPOXYGENASE 3; BAK1, BRI1-ASSOCIATED RECEPTOR KINASE 1; SOBIR1, SUPPRESSOR OF BIR1-

1/EVERSHED; AtCRK4, CYSTEINE-RICH RECEPTOR LIKE KINASE 4; SERK, SOMATIC EMBRYOGENESIS 

LIKE KINASE; PR, PATHOGENESIS-RELATED GENE; PDF1.2, PLANT DEFENSIN 1.2. 

 

We also investigated the expression of different signaling-related kinases: the regulators of 

PTI signaling SOBIR1, BAK1/SERK3 and the other BAK1-related SERK family members, 

BRI1-LIKE KINASE 3, and AtCRK4. Except for SERK1, which was only induced upon flg22 

treatment, and of SERK2 and SERK5, which exhibited significantly reduced expression upon 

poly(I:C) treatment and no significantly altered expression upon flg22 treatment, the 

expression of all kinases was induced upon elicitor treatment. Interestingly, and consistent 

with our analysis of publicly available expression data (Genevestigator, Hruz et al., 2008), the 

typical pathogenesis-related genes PR1 and PR5, associated with SAR, as well as the ET- and 

jasmonate-responsive PDF1.2 gene were not induced upon treatment with flg22 or poly(I:C) 

at the tested time point.  
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Our recently published data showed that bak1 mutants were more susceptible to different RNA 

viruses (Kørner et al., 2013), hence implicating PTI in antiviral defense. To test whether BAK1 

would be involved in the perception of poly(I:C), we measured MAPK activation and ET 

synthesis in bak1 mutants. bak1 mutants still induced MAPK phosphorylation and ET 

synthesis upon dsRNA treatment (Fig. S4.3), indicating that suppression of BAK1 expression 

alone is not sufficient to impair dsRNA signaling.  

Taken together, these results suggest that dsRNA and its synthetic analogue poly(I:C) are 

recognized as bona fide PAMPs in Arabidopsis and induce typical PTI responses including 

the activation of MPK6 and MPK3, ET synthesis, PTI-related response gene expression and 

seedling growth inhibition.  

 

4.4.2 Poly(I:C) protects plants against virus infection 

As the production of long dsRNA is typically associated with viral replication (den Boon et 

al., 2010; Romero-Brey and Bartenschlager, 2014) the recognition of dsRNA replication 

intermediates via PTI might represent an antiviral defense mechanism operating against 

viruses in plants. Hence, we tested whether the application of poly(I:C) protected plants 

against the Arabidopsis-infecting tobamovirus Oilseed rape mosaic virus (ORMV). 

Application of poly(I:C) together with the virus resulted in significantly reduced accumulation 

of virus in poly(I:C)-treated leaves compared to flg22-treated or PBS-control-treated leaves at 

four days post infection (dpi) (Fig. 4.3a). Consistently, when the remainder of the plants was 

allowed to continue growing after sampling of the treated and virus-infected leaves, PBS and 

flg22-treated plants developed disease symptoms, while poly(I:C)-treated plants did not (Fig. 

4.3b). Importantly, we did not obtain antiviral protection when the single-stranded molecule 

poly-inosinic acid (poly(I)) was used as control (Fig. 4.3c). Together, these results suggest that 

the PTI responses induced upon poly(I:C) treatment confer antiviral immunity.  
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Fig. 4.3 Plant protection by poly(I:C). (a) Quantification of viral genomic RNA in Arabidopsis leaves treated 

with flg22, poly(I:C), or PBS and infected with ORMV for four days. Data represent averages of eight biological 

replicates of individual leaves ± SE. Asterisks mark significant differences (P < 0.05, Student’s t-test). (b) 

Representative photographs of disease symptoms developed by Arabidopsis plants infected with ORMV after 

treatment with flg22, PBS, or poly(I:C) 23 dpi. The infected leaves were removed at four dpi and the remainder 

of the plants allowed to continue growing for an additional 19 days. (c) Quantification of viral genomic RNA in 

Arabidopsis leaves treated with PBS, poly(I), or poly(I:C) and infected with ORMV for four days. Data represent 

averages of eight biological replicates ± SE. Asterisks mark significant differences (P < 0.05, Student’s t-test). 

 

4.4.3 Cross-talk between antiviral silencing and PTI 

As dsRNA produced during viral replication is typically recognized by the plant RNA 

silencing machinery to induce antiviral silencing, we investigated putative cross-talk between 

antiviral silencing and antiviral PTI. We tested whether mutants deficient in the main antiviral 

DICER-LIKE PROTEINS, DCL2 and DCL4 (Deleris et al., 2006; Ziebell and Carr, 2009; 

Garcia-Ruiz et al., 2010) were impaired in dsRNA-mediated PTI. We found that MAPKs were 

still activated in dcl2,4 mutants upon dsRNA and poly(I:C) treatment (Fig. 4.4a) and dcl2,4 

mutants still showed significantly enhanced ET production upon elicitation by poly(I:C) (Fig. 

4.4b). These findings suggested that DCL2 or DCL4 are not directly involved in dsRNA 

perception for PTI signaling. By contrast, dcl2,4 mutants exhibited induction of immunity-

related gene expression compared to Col-0. In particular, dcl2,4 mutants showed significantly 

increased expression of the SA-dependent defense-related gene PR1, the kinases SOBIR1 and 

BRI1-LIKE KINASE 3, as well as PHOSPHOLIPASE A 2A and the plasma membrane NADPH 

oxidase RBOHD under control conditions (Fig. 4.4c). These observations indicate that DCL2 

and DCL4, the main antiviral dsRNA-processing enzymes, might represent negative 

regulators of immunity. This is consistent with our finding that DCL2 or DCL4 themselves 

(c) (b) (a) 
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are likely not the dsRNA receptor during PTI. In agreement with this, we found that DCL1 

and DCL4 expression was significantly reduced in wild-type plants treated with the dsRNA 

elicitor poly(I:C) (Fig. 4.4d).  

Fig. 4.4 Defense-responses in dcl2,4 mutants. (a) Immunoblot to detect MAPK phosphorylation in Arabidopsis 

dcl2,4 double mutant leaf discs treated with flg22, GFP-dsRNA, poly(I:C), GFP siRNA, PBS, or water. The blot 

was probed with an antibody against phosphorylated MAPKs. As equal loading control, the same immunoblot 

was re-probed with anti-UGPase antibodies. (b) Ethylene production by Arabidopsis Col-0 or dcl2,4 leaf strips 

treated with poly(I:C) or PBS. Data represent mean values of n=6 biological replicates ± SE. Significant 

differences compared to control are marked by asterisks (P < 0.05, Student’s t-test). (c) Quantification of PTI-

related gene expression in leaf discs of Col-0 or dcl2,4 mutant Arabidopsis plants treated with PBS. Data are 

mean values of n=4 biological replicates ± SE. Relative expression levels normalized to reference gene 

expression are shown. Significant (P < 0.05 Student’s t-test) gene expression changes compared to WT are 

marked by asterisks. PR1, PATHOGENESIS-RELATED GENE 1; PLPA2, PHOSPHOLIPASE A 2A; RBOHD, 

RESPIRATORY BURST OXIDASE HOMOLOG D; BRI1-LK3, BRI1-LIKE KINASE 3; SOBIR1, SUPPRESSOR 

OF BIR1-1/EVERSHED. (d) Quantification of DCL expression in leaf discs of Col-0 WT plants treated with 

poly(I:C) or PBS. Data are mean values of n = 4 biological replicates ± SE. Relative expression levels normalized 

to reference gene expression are shown. Significant (P < 0.05 Student’s t-test) gene expression changes are 

marked by asterisks. 

(b) (a) 

(d) (c) 
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4.5 Discussion 

In animal systems, virus-derived dsRNA is sensed by membrane-bound TLR3 or intracellular 

RIG-1-like dsRNA receptors, which leads to the induction of the antiviral state (Arpaia and 

Barton, 2011; Berke et al., 2013; Brencicova and Diebold, 2013); however, whether these 

conserved molecules associated with virus infection are also recognized by PRRs in plants and 

induce PTI remained elusive. Here, we show that dsRNA can elicit typical PTI responses in 

plants and that dsRNA treatment protects against virus infection. Our recent data identified 

the PRR-coreceptor kinase BAK1 as a positive regulator of antiviral immunity in plants and 

provided evidence that virus- or infection-derived elicitors are recognized in plants and confer 

antiviral PTI (Kørner et al., 2013). Although our current experiments did not reveal a non-

redundant function of BAK1 in dsRNA-mediated PTI, the involvement of BAK1 in antiviral 

PTI suggested the involvement of membrane-localized receptors in the recognition of virus-

derived, or host-derived, infection-induced elicitors. Future experiments will reveal whether 

different isoforms of the SERK family -to which BAK1 belongs- function redundantly in 

dsRNA-mediated signaling, or whether BAK1 is rather involved in the recognition of a 

different, yet unidentified viral PAMP. 

The membrane-localized dsRNA-sensing animal TLR3 receptor localizes to the plasma 

membrane and endosomal compartments (de Bouteiller et al., 2005; Itoh et al., 2008; 

Vercammen et al., 2008b; Qi et al., 2012). It binds extracellular dsRNAs from dying or virus-

infected cells in the environment, and recognizes intracellularly produced dsRNA during virus 

infection via infection-induced membrane fusion during autophagy (Brencicova and Diebold, 

2013). TLR3 signaling is associated with endosomal compartments and allows the cells to 

distinguish between self and non-self (Matsumoto et al., 2014). Interestingly, virus replication 

in plants usually occurs on cellular membranes and involves extensive membrane 

rearrangements (Laliberté and Sanfaçon, 2010), the induction of ER-stress (Ye et al., 2011; 

Niehl et al., 2012), and the degradation of viral suppressors of RNA silencing (VSRs) by 

autophagy (Derrien et al., 2012; Nakahara et al., 2012). In analogy to the animal system, these 

membrane-associated processes could lead to recognition of dsRNA produced intracellularly 

during plant virus replication by membrane-bound PRRs in membrane fusion events. That 

plant receptor proteins can signal from endosomes during immunity and development has been 

shown (Geldner et al., 2007; Bar and Avni, 2009b; Sharfman et al., 2011; Irani et al., 2012). 

However, as viruses are obligate intracellular pathogens, dsRNA may also be sensed by 

soluble, intracellular receptors in plants. Interestingly, similarity searches reveal that plant 
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dicers are related to the intracellular vertebrate dsRNA helicases of the RIG-1 family. Hence, 

dicer proteins could be candidates for receptors playing a role in recognizing virus-derived 

dsRNA during antiviral PTI as well as during RNA silencing. The existence of two dsRNA-

triggered antiviral defense pathways, antiviral silencing and antiviral PTI, may be supported 

by the recent identification of an RNA-interference-based antiviral mechanism in mammalian 

cells (Li et al., 2013; Maillard et al., 2013). However, the fact that dsRNA still triggers PTI 

responses in dcl2,4 double mutants does not support the hypothesis that dicers are directly 

involved in dsRNA sensing during dsRNA-mediated PTI. Nevertheless, the finding that dcl2,4 

double mutants exhibited induced expression of immunity-related genes and that poly(I:C) 

treatment suppressed the expression of DCLs suggests the existence of negative cross-talk 

between RNA silencing and plant immunity. However, as PTI induces changes in response 

gene expression similar to those observed during ETI, it is difficult to assign the negative 

regulation of immunity by dicers specifically to one of these processes. Interestingly, in 

agreement with our observations, recent data identified the RNA-dependent RNA polymerase 

RDR6 as negative regulator of PTI and ETI (Boccara et al., 2014). Moreover, RNA silencing 

has been shown to act as key negative regulator of resistance-gene expression (Yi and 

Richards, 2007; Zhai et al., 2011; Li et al., 2012; Shivaprasad et al., 2012; Boccara et al., 

2014). Interference of plant pathogens with RNA silencing is a conserved strategy employed 

by different pathogens to enhance virulence, as demonstrated by the action of viral silencing 

suppressors (Incarbone and Dunoyer, 2013; Pumplin and Voinnet, 2013), bacterial silencing 

suppressing effectors (Navarro et al., 2008) and fungal effector siRNAs selectively silencing 

specific host immunity genes (Weiberg et al., 2013). In this sense, the activation of PTI and 

ETI may represent a failsafe mechanism of the host to combat pathogen infection once RNA 

silencing gets disturbed.  

In conclusion, the finding that dsRNA is recognized as an elicitor inducing typical PTI 

responses in plants defines a novel antiviral defense response that operates in addition to RNA 

silencing in plants. It remains unknown how dsRNA is perceived by the plant. Hence, as a 

next step, it will be important to identify the plant dsRNA receptor. This will allow to further 

illuminate the mechanism of dsRNA sensing in the elicitation of antiviral PTI and to 

investigate the role and regulation of antiviral PTI in relation to RNA silencing. Dissecting the 

PTI-based and RNA silencing-based antiviral immune system in plants and the differential 

efficiency of these immune systems in specific plant tissues or during specific developmental 

stages will lead to a better understanding of phenomena like limited host range of viruses, 
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phloem-restriction of several plant viruses, exclusion of plant viruses from meristems, or 

recovery from virus disease symptoms. Moreover, dsRNA-mediated antiviral PTI may be 

economically exploited to develop new crop protection strategies. Due to the absence of 

protection strategies except for resistant cultivars and preventive growing conditions, plant 

virus disease causes extensive crop losses worldwide. In times of climate change and 

increasing population pressure the development of crop plants primed for virus defense 

becomes increasingly important.  

 

4.6 Materials and methods 

4.6.1 Plant material 

Arabidopsis Col-0 wild-type, bak1-4 (Kemmerling et al., 2007), bak1-5 (Schwessinger et al., 

2011), and dcl2,4 (Deleris et al., 2006) mutants were grown from seeds on soil at 21°C with 

12/12 hours light/dark cycles for five to eight weeks. For seedling growth inhibition assays, 

Arabidopsis Col-0 seeds were surface sterilized and germinated on half-strength 0.5 x MS 

medium containing 1% sucrose and 0.8% agar for five days in a growth chamber at 20°C under 

continuous light. Then, seedlings were transferred to 24-well plates containing 1 mL of liquid 

half-strength MS-medium with 1% sucrose and kept at 20°C and continuous light for an 

additional eight days.  

 

4.6.2 dsRNA synthesis and purification 

746 bp-long dsRNAs derived from GFP DNA were produced in vitro using the Replicator 

RNAi kit (Finnzymes) following the manufacturer’s instructions. The GFP4 sequence was 

amplified by PCR from plasmids using primers against the 5’ and 3’-end of the GFP sequence 

and flanked by the T7 promoter and Phi6 replicase promoter sequences, respectively using the 

Replicator RNAi kit (Finnzymes). High-fidelity PCR was performed with an annealing 

temperature of 58°C for five cycles and subsequently with an annealing temperature of 62°C 

for 25 cycles. PCR products were purified by centrifugation through DNA-purification 

columns (Macherey-Nagel), and 500 ng of purified PCR product was used for dsRNA 

synthesis using the Replicator RNAi kit (Finnzymes) according to the manufacturer’s 

recommendations. dsRNA synthesis was allowed to proceed at 35°C overnight. dsRNA was 

purified by stepwise LiCL precipitation in 2M LiCl to precipitate ssRNA and 4M LiCl to 
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precipitate dsRNA. dsRNA was washed with 70% ethanol, dried and resuspended in ultrapure 

water. The integrity and concentration of purified dsRNA was analyzed on 1% agarose gels 

and absorption measurement at 260 nm.  

 

4.6.3 Elicitor preparations and dilution 

Poly(I:C) with PBS buffer salts was purchased from Sigma and has an average length of 

approximately 350 to 850 base pairs (bp). It was reconstituted in ultrapure water. Poly(I) was 

purchased from Sigma and reconstituted in water. GFP siRNA duplexes were ordered from 

microsynth (http://www.microsynth.ch) and reconstituted in water. Flg22 peptides were 

purchased from EZBiolabs and stock solutions prepared in PBS.  

 

4.6.4 Proteinase K digest and RNAse A/T1 treatment of poly(I:C) 

To ensure the absence of any proteinaceous elicitor contamination, a solution of 50 µL 10 

mg/mL poly(I:C) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 

pH 7.4), PBS, or 50 µL of a 1 µM solution of flg22 (EZBiolabs) were digested with 1 µL 

proteinase K (Invitrogen) at 37°C overnight. Non-proteinase K-treated flg22 was kept under 

the same conditions as control. For degradation of poly(I:C) with RNAse A/T1 (Fermentas), 

10 mg/mL poly(I:C) in PBS or PBS were diluted 1:1 with ultrapure water and incubated in the 

presence of 25 µg/mL RNAse A and 62.5 U/mL RNAse T1 at 30°C overnight. As control, one 

poly(I:C) sample was kept under the same conditions without addition of RNAse. Efficiency 

of the RNAse digest was analyzed on a 1% agarose gel and the samples were purified by 

sequential LiCl precipitation. After washing with 70% ethanol, the poly(I:C) pellet was air 

dried and resuspended in 1 x PBS.  

 

4.6.5 ORMV purification 

ORMV-infected N. benthamiana leaves were homogenized to fine powder in liquid N2 and 

virions extracted using butanol/chloroform and subsequent precipitation of the virions from 

the aqueous phase using 4% polyethylene glycol 8000 in the presence of 1% NaCl. Virions 

were resuspended in 10 mM sodiumphosphate-buffer pH7.4 and virion concentration 

estimated from absorbance at 260 nm. 
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4.6.6 Analysis of PTI responses 

4.6.6.1 MAPK phosphorylation 

Arabidopsis leaf discs were excised with a cork borer and incubated overnight in 24-well 

plates containing 300 µL deionized, ultra-pure water (two leaf discs per well). 3 µL 100 µM 

flg22 (EZBiolabs), 50µL 1.5 µg/µL GFP dsRNA, 15 µL 10 µg/µL poly(I:C) (Sigma), 7.5 µL 

40 µM GFP siRNA (Microsynth), 15 µL 1 x PBS, or 15 µL deionized, ultra-pure water, 

respectively, were added to the leaf discs the next day. For immunoblots with and without 

proteinase K treatment, flg22 was applied to a final concentration of 150 nM. After vacuum-

infiltration in a desiccator for 10 min and subsequent incubation for additional 20 min, leaf 

discs were frozen in liquid nitrogen. Proteins were extracted by grinding in liquid nitrogen, 

addition of 2 x sample loading buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 10% 2-

mercapto-ethanol, 4% SDS, and 0.02% bromophenol blue) and boiling for 5 min at 95°C. 

Total proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene fluoride membranes. Membranes were blocked with 5% skimmed milk for two 

hours and probed with primary antibodies against phosphor-p44/42 MAPK (Cell Signaling 

Technologies) and HRP-labeled secondary antibodies for luminescence detection (Lumilight 

Plus, Roche).   

 

4.6.6.2 Ethylene production 

To measure ET production, leaf strips were kept in ultrapure water over night. The next day, 

poly(I:C) or flg22 was added to a final concentration of 500 ng/µL and 1 µM, respectively. 

Equal volumes of PBS or water, respectively, were added to control samples. ET production 

was measured by gas chromatography as described previously (Felix et al., 1999) after 3.5 

hours. 

 

4.6.6.3 Seedling growth inhibition  

For seedling growth inhibition assays, sterile five days-old old Arabidopsis Col-0 seedlings 

(four to six biological replicates per experiment) were transferred to 24-well plates containing 

liquid half-strength MS medium supplemented with 1% sucrose (two seedlings per well) and 

poly(I:C) added to a final concentration of 500 ng/µL. Control seedlings were treated with 1 

µM flg22, PBS or ultrapure water. The effect of treatment on seedling growth was documented 
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on photographs at eight days after treatment. For quantitative analysis, length of the roots of 

the seedlings was measured using a ruler.  

 

4.6.6.4 Virus infection  

Rosette leaves of five week-old Arabidopsis Col-0 plants were gently rubbed with 4 µl of 10 

mg/mL poly(I:C) or poly(I), 4 µL PBS or 4 µL of a 10 µM flg22 solution and 50 ng purified 

ORMV virions in the presence of celite as abrasive. Immediately after treatment, remaining 

elicitors, buffers, and virions were washed off the leaf surface. At four dpi, the treated leaves 

were sampled for analysis of virus accumulation by qRT-PCR. The plants from which the 

inoculated leaves were removed were maintained for further two to three weeks for the 

analysis of disease symptom development. To exclude that poly(I:C) treatment during plant 

protection experiments interfered with the proper readout for RNA concentration in 

absorbance measurements, a subset of the RNA samples used to quantify virus titer upon 

poly(I:C), PBS and flg22 treatment was DNAse digested, cDNA made using oligo(dT) 

primers, and expression of five different housekeeping genes (Czechowski et al., 2005) 

determined using qRT-PCR as described below (Table S4.1). 

 

4.6.7 Analysis of virus accumulation 

To quantify ORMV accumulation, total RNA was extracted from elicitor-treated and ORMV-

infected leaves using the Tri-reagent (Sigma), following the manufacturer’s protocol. 

Approximately 50 ng of total RNA were analyzed in duplicates by qRT-PCR using specific 

primers amplifying a fragment in the ORMV RNA-dependent RNA polymerase region and an 

ORMV-specific 6-carboxyfluorescin labeled probe. Primer and probe sequences are described 

by Mansilla et al., (2009). The 15 μl qRT-PCR mix to detect ORMV contained 0.5 μM primer, 

0.25 μM FAM-ORMV probe, 0.15 μl Superscript III (Invitrogen), 0.175 μl RNAse Out 

(Invitrogen), 7.5 μl 2x LC 480 Master Mix (Roche) and 50 ng total RNA. Reverse transcription 

was performed for 30 minutes at 50°C. PCR conditions after denaturation for 10 min at 95°C 

were 40 cycles of 95°C for 2 seconds, 55°C for 10 seconds and 60°C for 15 seconds. Copies 

of viral RNA per ng total RNA were calculated in reference to ORMV standard curves with 

known concentrations of viral RNA.  
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4.6.8 Selection of PTI-responsive genes 

To investigate whether poly(I:C) treatment resulted in the induction of PTI-responsive gene 

expression we selected candidate genes by analysis of early flg22-responsive genes in a 

publicly available gene expression dataset (GSE17382, (Boudsocq et al., 2010)). CEL files of 

the GSE1782 experiment were downloaded and gene expression analyzed using ROBIN 

(Lohse et al., 2010). After selection of a subset of flg22-responsive genes we visualized their 

general induction in PTI, hence, upon treatment with different microbial elicitors using 

Genevestigator (Hruz et al., 2008). 

 

4.6.9 Analysis of gene expression by qRT-PCR 

Leaf discs treated with poly(I:C) (500ng/µL final concentration), PBS, and flg22 (1µM final 

concentration) were sampled three hours after treatment and frozen in liquid N2. Samples were 

ground to fine powder in liquid N2 and total RNA extracted using Tri-reagent according to the 

manufacturer’s protocol. After DNAse digestion (Promega RQ1 DNAse kit) for 30 minutes at 

37°C, 1 µg of total RNA was reverse-transcribed using oligo(dT) primers and superscript III 

(Invitrogen). qRT-PCR with primers for immunity-related genes and the reference genes 

GAPDH, ACTIN 2 and UBIQUITIN 10 (Czechowski et al., 2005) was performed with four 

biological replicates (two leaf discs per replicate) for each treatment.  Relative gene expression 

levels were quantified using the 2ΔCT method. 10 µl PCR reactions contained 1 µl cDNA, 0.5 

µM forward and reverse primer, and 5 µl Sybr green master mix (Roche). PCR was performed 

in a 480II light cycler (Roche) with the conditions 5 minutes denaturation at 95°C and 40 

cycles at 95°C for 10 seconds, 60°C for 15 seconds and 72°C for 15 seconds. Threshold cycle 

(CT) values for immunity-related genes and DCL isoforms were normalized to CT-values 

obtained for the housekeeping genes GAPDH, ACTIN 2 and UBIQUITIN 10 (Czechowski et 

al., 2005), yielding ΔCT values.  2- ΔCT values representing relative expression levels, their 

mean values and standard error (SE) were calculated. Ratios between 2- ΔCT values for 

poly(I:C) or flg22 and PBS treatment, respectively or between dcl2,4 and WT yielded relative 

fold changes. Coefficients of variation were calculated by dividing the SD of the 2- ΔCT values 

by the 2- ΔCT mean value, and subsequently calculating the error of the ratio by using the 

formula cv= √(cv1
2 + cv2

2). Significant differences were determined by Student’s t-test. All 

primer sequences and accession numbers of genes analyzed by qRT-PCR are listed in Table 

S4.2. 
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4.8 Supplemental figures 

 

Fig. S4.1 Controls for poly(I:C) treatment with proteinase K and RNAse A/T1. (a) Immunoblot to detect 

MAPK phosphorylation in Arabidopsis leaf discs treated with proteinase K-digested or undigested flg22. The 

blot was probed with an antibody against phosphorylated MAPKs. To test for proteinase K activity, a solution of 

flg22 was digested with proteinase K overnight, or kept without addition of enzyme under the same conditions. 

The next day, the solutions were used to elicit Arabidopsis leaf discs. Arabidopsis proteins were extracted and 

used for immunoblot analysis using antibodies against phosphorylated MAPKs and UGPase, respectively. (b) 

Agarose gel electrophoresis of RNAse A/T1-digested or undigested poly(I:C). Solutions of poly(I:C) were 

digested with RNAseA/T1 for one hour, or kept without addition of enzyme under the same conditions. The 

RNAse-treated or untreated samples were analyzed on a 1% agarose gel, stained with ethidium bromide and 

photographed under UV light.  

(b) (a) 
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Fig. S4.2 dsRNA-signaling involves phosphorylation of MPK3 and MPK6 in roots and shoots. (a) 

Immunoblot to detect MAPK phosphorylation in Arabidopsis mpk3 and mpk6 mutant leaf discs treated with 500 

ng/µL poly(I:C) (two biological replicates), water or PBS using an antibody against phosphorylated MAPKs. (b) 

Immunoblot to detect MAPK phosphorylation in Arabidopsis wild-type, mpk3 and mpk6 mutant isolated roots 

treated with 500 ng/µL poly(I:C) or water, PBS and AtPep1 as a control using an antibody against phosphorylated 

MAPKs. As equal loading control, the same blots were reprobed with anti-UGPase antibodies. 
 

 

 

 

 

 

 

 

 

 

(b) 

(a) 
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Fig. S4.3 bak1 mutants still respond to poly(I:C)-treatment by MAPK activation and ethylene production. 
(a) Immunoblot to detect MAPK phosphorylation in Arabidopsis bak1-4 mutant leaf discs treated with 500 ng/µL 

poly(I:C), water, or PBS using an antibody against phosphorylated MAPKs. As equal loading control, the same 

blot was reprobed with anti-UGPase antibodies. (b) Ethylene production by Arabidopsis Col-0, bak1-4 or bak1-

5 mutant leaf strips treated with PBS or 500 ng/µL poly(I:C) for 3.5 hours. The Col-0 samples shown as reference 

were analyzed together with bak1 mutants and are the same than in Figure 4.4b of the main manuscript text. 

Mean values ± SE of six biological replicates are shown. Poly(I:C) treatment resulted in significant (P < 0.05, 

Student’s t-test) production of ethylene compared to PBS controls in all three Arabidopsis genotypes. 

 

 

Table S4.1 Housekeeping gene expression in plant protection experiments. 

     PBS       poly(I:C)      flg22 

Gene name mean CT SD mean CT SD mean CT SD 

EXPRESSED PROTEIN 24.84 0.28 24.64 0.37 24.84 0.56 

GAPDH 21.60 0.42 20.94 0.25 21.33 0.58 

UBIQUITIN 10 18.99 0.27 18.86 0.25 18.97 0.52 

TIP 24.78 0.32 24.70 0.28 24.88 0.60 

ACTIN 20.99 0.40 21.52 0.82 20.93 0.23 

Expression of five different housekeeping genes was analyzed in samples used for virus accumulation in plant 

protection experiments. Average CT-values ± SD of four biological replicates are shown. cDNAs of poly(I:C), 

PBS-treated or flg22-treated and ORMV-infected leaves were analyzed by quantitative RT-PCR using primers 

against EXPRESSED PROTEIN, GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE, UBIQUITIN 10, 

TIP41-LIKE FAMILY PROTEIN, and ACTIN 2. 

 

 

 

 

(b) (a) 
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Table S4.2 Primer sequences. 

Gene name ID forward primer reverse primer 

EXPRESSED PROTEIN AT4G33380 CGTCCACAAAGCTGAATGTG CGAAGTCATGGAAGCCACTT 

GAPDH AT1G13440 TTGGTGACAACAGGTCAAGCA AAACTTGTCGCTCAATGCAATC 

UBIQUITIN 10 AT4G05320 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT 

TIP AT4G34270 GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTTTCGCA 

ACTIN AT3G18780 CTTGCACCAAGCAGCATGAA CCGATCCAGACACTGTACTTCCTT 

PROPEP3 AT5G64905 TCACACAGCGAGGAAGATGA CCTTTTCCTGAACTTGGCGT 

ANTIFUNGAL PROTEIN AT3G02840 GTTTTGAAAGATTCGCGGCG AAGAGAAGCCGTTGATCCCA 

RBOHD AT5G47910 GTCGTTGCAACACGCTAAGA GGGATGTTGAACAGCGATCT 

POD AT1G14540 GAGATTCCACCAACGCGTTT AGAGATCGTTGAGGCTAGCC 

EDS5 AT4G39030 CTCTTGGACCGGGAACAGTA GTTGCGCTTCTTTCTTGTCC 

PLPA2 AT2G26560 AACTTCAGCTGCCCCTACAT TAGCTGCAACTCCACCATCA 

LOX3 AT1G17420 GGCCGTGGTTGATACTTTGT GACGGCTGTTGTCTCTCTCC 

BAK1 AT4G33430 TGCAGTTCCAGACAGAGGTT CAAGTTTCTGTGAACCGCCA 

SOBIR AT2G31880 GCGATTGATCCGAAGTTGAT AGGCGATCTTCAGAACCAGA 

BRI1-LIKE KINASE 3 AT3G13380 TCTGCACCATAGCTGCATTC CAGCCTTGCCATACCAAAAT 

AtCRK4 AT5G24430 TCCTATATCCGTGCCTCACC TAAGGGATAGGCCTCCGTCT 

SERK1 AT1G71830 GCGACGAAGAAAGCCACTAG CATCACTCGCCACTTGTAGC 

SERK2 AT1G34210 AGGAATTTGAGGCGGTGGTA ACTCAGGAGCAATGTGTCCA 

SERK4 AT2G13790 CTCGACTGGGTGAAAGAGGT ATCAGCTGCTCCACTTCTGT 

SERK5 AT2G13800 AGAACGTCCACCATCACAGT TACCACCGCCTCAAATTCCT 

PR1 AT2G14610 CCCACAAGATTATCTAAGGGTTCAC ATGCAGTGGGACGAGAGGG 

PR5 AT1G75040 GGAACTCTCGCCGGTCAAG TTTGAATTGACTCCAGGTGCTTC 

PDF1.2 AT5G44420 CACCCTTATCTTCGCTGCTC GCACAACTTCTGTGCTTCCA 

DCL1 AT1G01040 TACACAAGCCTTCCTCCTGG GCAACGCGAGCAAAATTCTC 

DCL2 AT3G03300 CCAGGTCAATCATCTGCAGC TACAACATCGGCCACACTCT 

DCL3 AT3G43920 CCAATCGTGAGGCTGTGATG AAGCAATTCCACGACTGCAG 

DCL4 AT5G20320 TCGGGAAATATCAGCGACGA TTTGTTCCGACCAGTTGCAG 
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 GENERAL DISCUSSION 

5.1 The underestimated role of roots in PTI 

At present, the agricultural sector faces dramatic losses due to pests and diseases. As many 

significant crop pests are root pathogens (Chapter 1.5.2.2; Table 1.2) and root colonization by 

microorganisms has a major impact on plant growth (Pieterse et al., 2014), understanding the 

molecular processes controlling defense responses in roots is important in order to develop 

new technologies to maintain or increase crop yields. During the last years, we contributed to 

illuminate the mechanisms of MAMP and DAMP signaling in roots.  

Although it had been known at the beginning of this thesis that MAMPs elicited defense 

responses in roots, it was not clear whether the root by itself was able to detect MAMPs (Attard 

et al., 2010; Millet et al., 2010). In our study we have shown that isolated root tissue is able to 

perceive flg22 and activate downstream PTI responses (Chapter 2). In addition, our data 

demonstrate that AtPep1 and chitin, but not elf18, are perceived by dissected roots (Chapter 

2.2; Appendix). The immune responses triggered are comparable to leaf responses although 

slight differences in kinetics and amplitude occur. Furthermore, our data reveal that the 

intensity of the PTI responses depends on the types of MAMPs/DAMPs applied. It may be 

interesting to see whether the strength of PTI responses correlates with the levels of PRR 

expression in roots. In support of this idea, PEPR1 and PEPR2 have been shown to be strongly 

expressed in roots (Bartels et al., 2013). Consistently, root responses to AtPep1 are stronger 

when compared to those induced by MAMPs, which suggests a potentially important role for 

DAMP signaling in roots (Chapter 2.2; Appendix). As already discussed in Chapter 2, we 

believe that due to the permanent contact of roots with soil-borne microorganisms, defense 

responses against MAMPs are locally restricted in roots to avoid their overstimulation, 

deleterious for establishing positive interactions with beneficial microbes and for plant fitness. 

Instead, disruption of root tissues and the release/activation of DAMP signaling through 

actively invading pathogens might indicate a severe threat situation for the plant and therefore, 

reactions against AtPep1 may be strong. Interestingly, a similar hypothesis has been proposed 

in the field of animal biology (Lafferty and Cunningham, 1975; Matzinger, 2002). This model 

proposes that danger or alarm signals originating from injured cells, such as those exposed to 

pathogens, toxins or mechanical damage, activate stronger responses in cells of the same kind 

than do signals originating from other cells. However, whether this model can be also applied 

to plant immunity remains to be determined.  
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As another goal of this thesis, I have successfully adapted different assays well-established for 

the analysis of leaf PTI responses, to root assays (Chapter 2.2). These methods can now be 

employed to investigate root responses to signals associated to immunity, development or 

abiotic stresses.  

Interestingly, in the course of this study, we could identify PER5 as strong transcriptional 

marker for defense induction in roots (Chapter 2.2). Although it has been ascribed a role in 

response to oxidative stress (Tognolli et al., 2002), little information about PER5 is present in 

the literature. We believe that PER5 might also be involved in other processes related to 

changes of the cell wall composition like lignification and the functional characterization of 

this gene will be an interesting topic for further studies. 

Another significant advance made during this thesis is the characterization of dsRNA as a viral 

PAMP, active not only in leaves but also in isolated roots (Chapter 4; Fig. S4.2). Based on 

these results, we assume that an enigmatic dsRNA receptor exists in roots, which helps plants 

to defeat viruses and their transmission vectors (fungi, nematodes or bacteria) present in soil 

(Roberts, 1950; Kimura, 2008). 

Recently, it has been shown for beneficial and pathogenic microorganisms that root infection 

relies on an active suppression of PTI (Trdá et al., 2015). For instance, the beneficial fungus 

Piriformospora indica has been shown to suppress root immunity triggered by various 

MAMPs in Arabidopsis (Jacobs et al., 2011). Similarly, the phytotoxin coronatine, a JA-

isoleucine mimic produced by Pseudomonas syringae pathovars, was shown to be involved in 

the active suppression of MAMP responses in roots (Millet et al., 2010). These findings 

support indirectly the importance of pattern recognition in root immunity. But the impact of 

MAMP and more importantly DAMP signaling on root colonization by microbes is only 

beginning to be elucidated and should be explored further (Trdá et al., 2015). 
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5.2 The FLS2 expression level is not the major factor determining 

the intensity of root PTI responses  

The former study by Millet and colleagues does not distinguish whether the pattern of MAMP 

responses observed in the root elongation zone upon flg22 treatment is due to a localized 

penetration of the externally applied peptide or to the localization of the perception and/or 

response machinery in this zone (Millet et al., 2010). In an attempt to discriminate between 

these two possibilities, we studied whether the expression pattern of FLS2 correlated with the 

spatial induction of defense responses. We prove that FLS2 is mainly expressed in vasculature 

tissues in wild-type roots (Chapter 2; Fig. 2.2; Fig. 2.7; Fig. S2.9) and not at the outer, 

epidermal surface, which would be disadvantageous for the plant encountering zillions of 

MAMPs in its soil environment which, in turn, would stimulate constant defense responses in 

this tissue. 

As studying the promoter activity of PRRs alone does not allow us to conclude whether all 

tissues can respond to the cognate elicitors, we took a second approach with transgenic 

Arabidopsis lines expressing FLS2 only in certain root tissues. With these lines we aimed at 

elucidating whether all tissues have the ability to perceive externally applied flg22 and initiate 

PTI signaling and whether the intensity of the downstream response activated differs between 

the types of tissues perceiving the elicitor (Chapter 2.2). Using isolated roots of these 

transgenic plants, we reveal that FLS2 expression in each of the investigated, specific tissues 

is sufficient to render the roots responsive to flg22.  

Upon treatment of roots of intact, transgenic seedlings our MAMP-response measurements 

clearly show that externally applied flg22 is perceived by inner root tissues and that the flg22 

response system is active there (Chapter 2; Fig. 2.2f; Fig. 2.11). This finding also implies that 

the peptide quickly diffuses within roots. To complete this analysis, we propose to study the 

movement of this elicitor throughout the plant using fluorescence-labeled flg22 peptides like 

TAMRA-flg22 (Underwood and Somerville, 2013). Alternatively, we have generated 

transgenic lines secreting flg22 autonomously in certain root tissues (Chapter 3.7.3; Method 

II). Crossings between these plants and the tissue-specific FLS2-expressing lines will provide 

a tool to address flg22 movement in plants. Such investigations will be helpful to understand 

peptide mobility and are of general interest as peptide signaling is an important mechanism in 

intraplant, intertissue and intercellular communication (Boller, 2005).  
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Moreover, we show that differences in the intensity of the PTI output occur depending on the 

type of tissue perceiving flg22 (Chapter 2.2). We conclude that the observed variations in the 

activity of the downstream responses result from distinct specificities associated to the 

perceiving tissues and not from the differences in the tissue accessibility. These results indicate 

that in general strong PTI responses are induced if flg22 is sensed by the pericycle or epidermal 

tissues. This observation further supports the idea that FLS2 expression needs to be limited to 

inner tissues in wild-type plants as its expression in the epidermis, even at a low level, renders 

this tissue strongly responsive (Chapter 2.2).  

However, our results do not fully explain yet why reactions against MAMPs were stronger in 

the elongation zone than in other root zones, as reported by Millet et al. (2010). In order to 

study the correlations between the detected, enhanced marker gene induction upon MAMP 

treatments in the elongation zone and the FLS2 expression level in more detail, we propose to 

use promoters which limit the transgene FLS2 expression in the different longitudinal root 

zones instead of radial root tissues. This approach might help to gain further insight into the 

regulation of MAMP perception and immune signaling in the root.  

Remarkably, our data clearly show that each tissue is able to respond to flg22 if FLS2 is present 

(Chapter 2.2). Thus, the response machinery seems to be present in each tissue although the 

expression of the PRR varies depending on the tissue. This observation indicates that the 

coreceptor BAK1 is expressed ubiquitously in the root. In support, SERKs, including BAK1, 

are strongly detectable on Western blots in crude root material (Appendix; Fig. A1a). Previous 

studies did indicate the presence of BAK1 in certain root tissues (Bücherl et al., 2013) and 

Northern blot analysis with total RNAs isolated from various tissues of wild-type Arabidopsis 

plants using a BAK1-specific cDNA probe showed ubiquitous BAK1 expression (Nam and Li, 

2002). Our data further support the presence of functional BAK1 in the analyzed root tissues.  
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5.2.1 Model for flg22-elicited responses in roots 

Combining the data of the two studies described in Chapter 2, I propose a model in which 

outer root tissues of wild-type plants accumulate no or only low amounts of FLS2 under 

“normal” conditions, probably due to the reasons discussed above. However, when bacteria 

are able to penetrate and reach the vasculature, vigorous PTI responses may get activated, as 

supported by our observation that detection of flg22 by inner root tissues leads to strong 

immune responses (shown in Chapter 2). In addition, flg22 perception induces an up-

regulation of the FLS2 promoter activity in outer tissues including the epidermis, associated 

with an increase in FLS2 expression in these tissues (Chapter 2; Fig. 2.4; Fig. 2.5c; Fig. S2.9). 

Hence, upon subsequent flg22 recognition, the presence of FLS2 in these outer tissues may 

allow strong PTI reactions, which could restrict bacterial colonization and prevent subsequent 

microbial infection. In line with this idea, we demonstrate that flg22 perception by the 

epidermis triggers strong PTI responses (Chapter 2.2). However, the identity of the tissues in 

which the measured PTI responses take place upon activation of FLS2 in a specific tissue 

cannot be determined from the data presented in this thesis. A different strategy (Chapter 5.3.1; 

Fig. 5.2) will help to discriminate whether PTI responses occur in the same cells in which 

flg22 is detected or whether a signal propagates from flg22-perceiving cells to initiate PTI 

responses in other cells. 

 

Fig. 5.1 Model for flg22-elicited responses in roots. FLS2 expression (red) is restricted to inner tissues and at 

the site of emerging lateral roots in absence of active MAMPs. Upon perception of flg22 exposed by bacteria 

(blue), strong defense reactions get activated (yellow flashes). FLS2 expression is up-regulated in outer, 

epidermal tissues, which are now able to initiate defense reactions upon further flg22 perception, possibly leading 

to increased resistance to pathogenic bacteria.  
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The model described above does not integrate the different developmental zones of the 

longitudinal root axis. Nevertheless, two hypotheses are proposed to explain the strong, tissue-

specific activation of downstream signaling responses in the elongation zone observed by 

Millet et al. (2010). On the one hand, the tissue-specific expression of FLS2 could be 

responsible for the restricted activation of PTI responses in only certain tissues. FLS2 

expression is inducible in wild-type roots and its expression pattern is influenced by changing 

developmental and environmental conditions, strongly indicating a crucial role of the tissue-

specific PRR compartmentalization pattern (Chapter 2).  

On the other hand, assuming that FLS2 is expressed ubiquitously at low levels in all root 

tissues in wild-type plants, the tissue-specific activation of downstream defense responses 

might be explained by variances in the response capacity of different cells, which may be 

caused by the availability of downstream signaling components. Consistent with this scenario, 

our results presented in Chapter 2.2 suggest that the intensity of the downstream PTI response 

does not necessarily correlate with the FLS2 expression level. Furthermore, we did neither 

detect enhanced FLS2 expression in the elongation zone nor did we find exclusive expression 

of FLS2 in this region (Chapter 2; Fig. 2.2; Fig. 2.4; Fig. 2.5c; Fig. 2.7; Fig. S2.9). Hence, 

young, developing tissues in the elongation zone may have a comparatively higher capacity to 

directly respond to MAMPs or to perceive and respond to signals propagating from cells 

transmitting MAMP perception than other tissues. Alternatively, the activation of downstream 

responses might be inhibited in cells outside of the elongation zone through processes like 

cleavage, ubiquitination or rapid endoctytosis of receptor complex or downstream components 

(Antolín-Llovera et al., 2014). These mechanisms would ensure the activation of PTI 

responses locally at the elongation zone, where they are important in order to prevent pathogen 

entry while saving energy costs, which would probably result from ubiquitious PTI activation.  
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5.2.2 Biological aspects of tissue-specific RLK accumulation 

Tissue-specific expression of PRRs appears to be a common phenomenon in Arabidopsis. For 

example, the PRRs PEPR1 and PEPR2 have been shown to be expressed in specific root 

tissues (Bartels et al., 2013). It is still unclear whether this regulation is meant to facilitate 

accessibility to the ligand or to limit energy costs, thus avoiding unnecessary responses which 

could inhibit other processes like root development or symbiotic interactions. In development, 

tissue-specific expression of RLKs has been documented by several studies (Clark et al., 1993; 

Yokoyama et al., 1998). For instance, the enigmatic systemin receptor is assumed to localize 

specifically to the phloem cells in the vicinity to the parenchyma cells, expressing the ligand 

prosystemin (Hind et al., 2010). In this case, this compartmentalization may avoid unspecific 

or inappropriate binding of systemin to highly similar receptors known to have systemin 

binding capacity. A new study revealed the tissue-specific accumulation of a RLK modulating 

CLV3/EMBRYO SURROUNDING REGION (CLE) peptide-triggered growth inhibition in 

Arabidopsis roots (Shimizu et al., 2015). As peptides can act as long-distance signals in plants 

(Boller, 2005), their tissue-specific effects might need to be regulated by a spatial 

accumulation of their corresponding receptors. Taken together, these examples provide 

evidence that tissue-specific compartmentalization of RLKs might fulfill several functions in 

plants and is a quite common mechanism. Similarly, specific spatial expression of TLRs in 

animal cells has been shown to differentially modulate innate immunity (Muzio et al., 2000; 

Iwasaki and Medzhitov, 2004; Mogensen, 2009; Hu and Pasare, 2013).  

In the future, the study of the compartmentalization pattern of other immune receptors will 

help to increase our knowledge about the role of tissue-specificity in regulating PTI.  

Using the current set of tools for FLS2, I here propose to run several approaches to complete 

our analysis. First, the numerous generated and characterized tissue-specific FLS2-expressing 

lines (Chapter 2.2) can now be analyzed with regard to bacterial colonization. It is well 

possible that colonization by pathogenic bacteria like Pseudomonas syringae or aeruginosa as 

well as beneficial bacteria such as Bacillus subtilis FB17 or plant growth promoting 

Pseudomonas strains, is impaired in lines expressing high amounts of FLS2 in the epidermis. 

Thus, studying the resistance of the transgenic lines against one or several such strains could 

generate interesting new results about the tissue relevance in these interactions. Nevertheless, 

several experimental limitations should be considered. First of all, we observed that root 

treatments of fls2 mutant plants with Pseudomonas extracts induce MAPK phosphorylation 

(Appendix; Fig. A1b). This result indicates the presence of other MAMPs in the bacterial 
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extracts recognized by roots. In addition, the FLS2 accumulation in shoots of certain 

transgenic lines (Chapter 3.7.2; Method I; Fig. S3.2; Fig. S3.3) may complicate the 

interpretation of results obtained with tissue-specific treatments because elicitors might move 

throughout or along the plant as discussed in Chapter 3. Nevertheless, such experiments 

remain interesting to determine the impact of certain root tissues on bacterial colonization and 

plant resistance. 

One of the most important root pathogens, Ralstonia solanacearum, produces a flagellin with 

a mutated sequence on the flg22 epitope, which is not recognized by AtFLS2 as a consequence 

of its evolutionary evasion (Felix et al., 1999; Bauer et al., 2001; Pfund et al., 2004). Therefore, 

it would be meaningless to investigate our lines with regard to Ralstonia colonization. 

Mutating the flg22 epitope sequence of the Ralstonia flagellin to a classical flg22 sequence 

might constitute an option to study the effect of tissue-specific FLS2 accumulation on 

Ralstonia infection. Alternatively, other PRRs recognizing bacterial MAMPs could be 

exploited to address disease resistance in roots. To test this idea, the effect of increased, tissue-

specific EFR expression, usually not or only marginally present in roots (Millet et al., 2010; 

Ranf et al., 2011; Wyrsch et al., 2015; Chapter 2), on bacterial root colonization could be 

investigated. In future, (tissue-specific) expression of EFR in roots might provide a helpful 

tool to increase resistance against soil-borne bacteria, as shown in other systems (Lacombe et 

al., 2010; Holton et al., 2015; Schoonbeek et al., 2015). 

An important question which remains to be addressed is whether the same expression patterns 

of PRRs and regulations exist for roots of crop plants. Moreover, it has to be mentioned that 

Arabidopsis contains a “taproot” system with the central root being the strongest and most 

dominant root. Thus, it remains elusive whether the same observations also count for “fibrous” 

root systems of monocotyledons.  

Nonetheless, we believe that the tissue-specific expression of PRRs in roots, for instance in 

the pericycle, could be sufficient to support resistance against soil-borne pathogens and would 

avoid constitutive PTI activity resulting from ubiquitous PRR expression and related trade-

offs.   
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5.3 MAMP- and DAMP-triggered downstream responses differ in 

localization and intensity patterns in roots 

Although we conclude that each analyzed root tissue has the capacity to respond to flg22 if 

FLS2 is present, our study did not yet allow us to determine in which tissues the measured PTI 

responses take place. In order to wire off the downstream immune responses in roots at the 

cellular resolution, we analyzed transgenic Arabidopsis plants expressing the YFP-derived 

fluorophore Venus under the control of MAMP-responsive promoters (Appendix). The Venus 

reporter contains a nuclear localization signal sequence that facilitates the detection of the 

fluorescent signal in the nucleus of single cells. Hence, these Venus reporter lines (referred to 

hereafter as Prom:NLS-3xVenus constructs) allow the detection of the fluorescent signal upon 

elicitor treatment at a cell- and tissue-specific level.  

Our data reveal that the intensity of the transcriptional downstream responses initiated in roots 

depends on the type of molecular pattern applied. In addition, different elicitors activate 

markers in specific, not necessarily overlapping root tissues. For example, the promoter 

activity of the indolic glucosinolate biosynthetic pathway and flg22-triggered callose 

deposition marker (Gigolashvili et al., 2007; Clay et al., 2009) MYB51 is induced upon flg22 

treatments in the root epidermis, whereas AtPep1 treatment leads to its induction mainly in 

inner tissues (Appendix; Fig. A3). There are several feasible explanations for this observation. 

First, the peptide AtPep1, naturally produced in plants, may be generally more present in the 

vasculature as it might be distributed throughout the vascular system. But both synthetic 

elicitors were applied externally and flg22 is also quickly distributed and perceived even in 

the pericycle in intact roots (Chapter 2.2; Fig. 2.11). Second, the high accumulation of PEPR2 

in inner tissues (Bartels et al., 2013) may mediate the strong activation of the MYB51 promoter 

in the vasculature. However, FLS2 expression is also present at high levels in the vasculature 

(Chapter 2; Fig. 2.2; Fig. 2.7; Fig. S2.9) but flg22 application mainly induces MYB51 promoter 

activity in the outer tissues (Appendix; Fig. A3). Thus, we speculate that distinct elicitors 

induce downstream signaling responses differing in nature and amplitude in the various root 

tissues as a result of discrepancies in receptor levels and/or mechanisms of downstream 

signaling. I propose the hypothesis that, in nature, active tissue disruption by invading 

microbes might induce Pep signaling, leading to strong PTI responses in the vasculature, the 

most important tissue to protect as it is often colonized by microbes to facilitate their 

distribution. This speculation again supports an important role of DAMP signaling in root 
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immunity. Nonetheless, flg22 might be perceived by the same tissues as AtPep1 but leads to 

a stronger induction of downstream PTI responses in the outer tissues in order to defeat newly 

invading bacteria.  

In contrast to AtPep1- and flg22-mediated responses, chitin treatment elicits the MYB51 

promoter activity very weakly, only in the mature root differentiation zone (Appendix; Fig. 

A3). This observation is in agreement with the results from a previous study, showing that 

callose deposition and the promoter activation of marker genes was observed in the root 

elongation zone in response to flg22, while chitin elicited callose deposition and promoters of 

marker genes in the root differentiation zone (Millet et al., 2010). One possible explanation 

for this finding could be that this less soluble polymer does not penetrate the tissues as 

efficiently as soluble peptides. However, the fact that the MYB51 promoter activity was 

observed in distinct developmental root zones upon chitin treatments and peptide treatments, 

respectively, also opens the question whether plants evolved tissue and/or MAMP-specific 

innate immune responses that depend on the nature of the attacking microorganism. 

Furthermore, also the kind of the downstream response activated may directly depend on the 

type of MAMP applied. It is possible that marker genes other than those analyzed in our study 

would be more strongly induced upon chitin but not upon flg22 treatment and thus, might 

show a MAMP-specific expression pattern. Although several previous studies revealed a large 

overlap of up-regulated genes in chitin- and flg22-treated Arabidopsis seedlings (Ramonell et 

al., 2002; Wan et al., 2008), transcriptome data comparing flg22- and chitin-elicited gene 

induction specifically in roots are missing.  

Variations in the nature, the cellular localization and the intensity levels of activated 

downstream responses upon perception of distinct kinds of defense elicitors in roots may 

reflect an adaptation of plants to the alternative invasion strategies of different pathogens. 

Although highly dissimilar, fungi and nematodes, in contrast to bacteria, both synthesize chitin 

(Tachu et al., 2008) and can directly penetrate the epidermal cell layers of the roots (Singh and 

Singh, 2005). Activation of MYB51 upon perception of chitin at the differentiation zone may 

therefore reflect a response of the plant to a particular microbial invasion strategy. 

But how can plants adapt their defense strategy to the invasion pathways of different types of 

pathogens? As mentioned before, this could be achieved by a tissue-specific accumulation of 

PRRs. For instance, the PRRs LYK5 or CERK1, involved in chitin perception/signaling might 

accumulate in other root tissues than FLS2 or PEPR1/PEPR2, maybe in more tissues of the 

differentiation zone. This could explain the observed spatial differences between the 
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flg22/AtPep1- and chitin-elicited downstream responses. However, as already discussed, we 

believe that the intensity, localization and/or nature of the downstream response does not 

necessarily correlate with the expression level or abundance of the PRR in specific cells 

(Chapter 2.2). It rather relies on differences in the response capacities of MAMP-perceiving 

cells, probably determined by the factors described before such as the availability of 

downstream components or the presence of response-suppressive mechanisms in specific cells 

(Chapter 5.2.1). Furthermore, signals potentially transmitted by MAMP-perceiving cells could 

also vary in their nature, depending on the type of molecular pattern initially perceived. The 

capacity of distal cells to perceive and respond to these different, propagated signals may in 

addition contribute to differences in the nature, amplitude and cellular localization of activated 

downstream responses.   

 

5.3.1 Flg22-triggered downstream marker gene induction does not spatially 

correlate with FLS2 expression patterns 

Although expression of FLS2 mainly localizes to inner root tissues (Chapter 2; Fig. 2.2; Fig. 

2.7; Fig. S2.9), we could demonstrate by using the Prom:NLS-3xVenus lines that downstream 

responses are primarily initiated in outer, epidermal root tissues upon flg22 treatments 

(Appendix; Fig. A3; Fig. A4). Hence, the spatial activity of the downstream PTI responses 

and the FLS2 expression levels do not always correlate. Rather, the results indicate the 

induction of PTI responses in cells different from those perceiving the elicitor. But considering 

that FLS2 expression could also be present in outer tissues in these treatment conditions 

(Chapter 2; Fig. 2.4; Fig. 2.5; Fig. S2.9), it remains uncertain whether the marker genes are 

induced systemically or only in tissues of elicitor perception.  

Working with wild-type plants does not allow us to define the tissue recognizing the elicitor 

and the one triggering the downstream PTI response. To simultaneously study the spatial 

expression of the FLS2 receptor and downstream marker gene activation, crosses between the 

lines expressing FLS2 under tissue-specific promoters or the endogenous FLS2 promoter and 

the MAMP-responsive Prom:NLS-3xVenus lines have been made. The analysis of these 

Prom:FLS2-GFP x Prom:NLS-3xVenus lines will help us to investigate whether the 

downstream responses observed result from signaling between the different tissues or are only 

activated in tissues where the elicitor is perceived. By using these newly generated lines, we 

could, for instance, determine if the promoter activity of PER5 or MYB51 is induced in the 
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epidermal tissues if FLS2 expression is restricted to the pericycle or whether only the 

perceiving tissues are capable to respond. This approach is illustrated as a model in the figure 

below.  

 

Fig. 5.2 Model illustrating the use of Prom:FLS2-GFP and Prom:NLS-3xVenus crossed lines. The crossed 

lines expressing FLS2 in a tissue-specific manner and the marker Prom:NLS-3xVenus will help to analyze in 

which cells markers get activated (yellow) upon flg22 perception if FLS2 expression (green) is restricted to 

certain tissues (here depicted in the pericycle in the left panel and the epidermis in the right panel). Arrows 

indicate the movement of a hypothetical short-range signal upon MAMP perception inducing responses in distal 

cells.  

 

Additionally, the NLS-3xVenus construct under the control of the endogenous FLS2 promoter 

might enable a more sensitive observation of the FLS2 promoter activity at a better resolution 

than the markers used so far (Vermeer et al., 2014). As reported in Chapter 2.1, we have never 

been able to state whether FLS2 was expressed in each tissue as the signal detection limit was 

high when using FLS2pro:GUS and FLS2pro:GFP lines. This approach would help us to 

clarify if FLS2 is present in the epidermis and allow studying the mechanisms of FLS2 

activation in roots in more detail.  
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5.4 Defense gene expression in root-to-shoot signaling 

Research on systemic signaling upon pathogen infection has until now mainly focused on 

events in the above-ground plant parts, thereby neglecting the root system. To fill this gap, we 

were interested to study the effect of local MAMP/DAMP application to roots on the distal 

defense gene induction in leaves. As a major outcome of our study, we noticed that frequently 

used systems to study systemic signaling in plants should be applied carefully. Often, peptide 

mobility cannot be excluded and several studies do not sufficiently take into account this 

phenomenon. Furthermore, as already mentioned, several lines of evidence indicate that 

peptides can function as potential long-distance signals in plants and might spread quickly 

throughout a plant, rendering studies on systemic effects upon organ-specific applications 

complicated to interpret (Boller, 2005). In support, a recent study provided evidence that a 

root-secreted peptide acts as a long-distance signal in planta and is perceived by shoot-

expressed receptors (Tabata et al., 2014). Therefore, in order to exclude that the root-applied 

peptides themselves are perceived by shoot tissues, we developed an improved method to 

study systemic root-to-shoot signaling in Arabidopsis, which allows a controlled application 

of elicitors to roots.  

Our study reveals that none of the genes investigated is significantly altered in shoots 3, 12 or 

24 hours after root treatments in our conditions (Chapter 3.3.3). As longer treatment periods 

exceed the capacities of our system, causing strong drought stress on the roots exposed to air, 

we were not able to determine whether the short treatment time is responsible for the absence 

of transcriptional changes. To analyze transcript levels at later time points, I propose to transfer 

the seedlings after treatment in the system into soil. 

Minimal transcriptional changes might only appear locally in specific tissues as, for instance, 

in the vasculature. Hence, the more sensitive system with the Prom:NLS-3xVenus lines 

described in the Appendix and Chapter 5.3 might be used to investigate systemic responses at 

a local cellular resolution. Micro-dissection of specific (shoot) tissues and analysis of gene 

expression in these cells upon MAMP or DAMP perception in the root would constitute an 

alternative approach but is more tedious. Moreover, other responses, such as ROS production 

or stomata closure could be investigated in shoots of root-treated plants to evaluate if a 

systemic effect exists there.  
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Infection of roots by PGPRs, mycorrhiza, herbivores, as well as abiotic factors has been proven 

to impact aboveground defenses and affect leaf metabolism and resistance (Kaplan et al., 

2008a; Pieterse et al., 2014). However, MAMP treatments of roots probably only elicit organ-

specific, local responses but no signal in the shoot. A direct metabolism change in shoots might 

not be required and biologically relevant for defense against soil-borne pathogens.  

Another possibility is that plants may only be primed at the whole plant level upon local 

perception of MAMPs/DAMPs. It has previously been speculated that this type of induced 

resistance takes place without a direct induction of active defense mechanisms in plants 

(Conrath, 2011). With respect to regulations of gene expression, epigenetic reprogramming 

processes such as histone modifications or changes in DNA methylation patterns could occur 

in locally root-challenged plants. These mechanisms may provide a possibility and/or 

prerequisite for quick gene expression changes upon exposure of an unchallenged tissue to a 

subsequent stress trigger (Fu and Dong, 2013). Furthermore, it is well possible that instead of 

transcriptional changes, modifications in protein abundance and stability take place upon 

MAMP applications to roots. Indeed, virus infection and wounding were shown to produce 

changes in distal leaves at the protein level (Niehl et al., 2013). Other studies have identified 

distinct changes in the xylem sap proteome in response to pathogenic and symbiotic plant-

microbe interactions, mainly affecting PR and anti-fungal proteins in different plant species 

(Young et al., 1995; Hilaire et al., 2001; Alvarez et al., 2006; Subramanian et al., 2009). For 

example, abundance of PR5 increased in the xylem sap of tomato in response to infection with 

the vascular wilt fungus Fusarium oxysporum (Rep et al., 2002). As proteins can also be 

regulated at the (post-) translational level, transcript changes may not always be directly 

translatable into protein abundances or activities (Niehl et al., 2013). Thus, studying 

proteomics, enzyme activity or secondary metabolism changes in shoots upon root treatments 

could reveal the presence of a systemic defense response. The system optimized during this 

thesis (Chapter 3.3.3) should be helpful to complete this analysis.  

To test if MAMPs or DAMPs applied locally to roots cause priming events, shoots could 

subsequently be inoculated by a virulent pathogen such as Pto DC3000 as a second stimulus. 

A faster and/or stronger defense reaction or an enhanced disease resistance state upon bacterial 

infection might indicate a primed state of the plant immunity mechanism.  
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Supplementary, root-to-shoot signaling might require the production of volatile compounds. 

These signals can be transmitted by air and can even promote a tritrophic effect through the 

attraction of natural enemies of the predator (Heil, 2008) and thus, do not directly modify the 

transcriptional state of the plant defense mechanism.  

Apart from that, the possible occurrence of systemic signals other than of chemical nature 

should be considered. Indeed, such long-distance signals as, for instance, changes in the 

electrophysiological membrane potentials have been shown to take place in plants upon 

herbivore feeding and wounding (Mousavi et al., 2013; Salvador-Recatalà et al., 2014).  

 

5.5 A novel role for dsRNAs in PTI  

Viruses can infect virtually all species of cultivated and wild plants and induce symptoms 

reducing crop growth, quality and yield. The extent of these crop losses is enormous and can 

reach up to several billions of US dollars of money lost (Hull, 2002; Cembali et al., 2003). On 

an agricultural scale, crop protection against viral diseases relies on usage of genetically 

resistant cultivars, cross protection, chemical treatment of viral transmission vectors and 

general preventive measures. However, currently implemented strategies are not sufficiently 

effective to prevent viral disease outbreaks (Nicaise, 2014). Therefore, understanding the 

mechanisms underlying antiviral defense in plants is of great interest and should help to 

develop new resistant cultivars or find compounds protecting plants against viral infections. 

In Chapter 4, we demonstrate that dsRNA is perceived as PAMP by Arabidopsis. Double-

stranded RNA is produced during virus replication and we assume that its perception is 

controlled by a PRR receptor, likely localized to the cytoplasm or intracellular membrane 

compartments. We show that dsRNA application can elicit many of the typical MAMP 

responses such as the production of ET, activation of MAPKs and defense gene induction, 

collectively leading to an arrest in seedling growth (Chapter 4; Fig. 4.1; Fig. 4.2; Table 4.1). 

The absence of a ROS burst upon application of the dsRNA analogue poly(I:C) (Appendix; 

Fig. A6a) and the differences in the magnitude of gene induction (Table 4.1) upon flg22 and 

poly(I:C) treatments, respectively, indicate that the dsRNA-elicited PTI pathway might differ 

from the one elicited by other MAMPs downstream of receptor activation. However, it is also 

possible that the production of ROS is just too weak to be measurable and the exact signaling 

transduction pathway remains to be investigated more deeply.  
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Moreover, our data provide evidence that the PTI pathway initiated by dsRNA perception 

interacts with the RNA silencing pathway and that complex regulations work during a viral 

infection (Chapter 4; Fig. 4.4). These interesting observations imply a negative cross-talk 

between RNA silencing and plant immunity but the exact mechanisms of this interference 

remain elusive and should be further investigated.  

It is known from animal systems that PRRs can signal from intracellular membrane systems 

and that the dsRNA-binding receptor TLR3 localizes to the plasma membrane and endosomal 

compartments (de Bouteiller et al., 2005; Itoh et al., 2008; Vercammen et al., 2008a; Qi et al., 

2012). By analogy, membrane-bound plant receptor proteins have been shown to be able to 

signal from endosomes during immunity and development (Geldner et al., 2007; Bar and Avni, 

2009b; Sharfman et al., 2011; Irani et al., 2012). However, as viruses are obligate intracellular 

pathogens, dsRNA may also be sensed by soluble, intracellular receptors in plants as a 

perception strategy. Obviously, our work opens the exciting perspective to identify the 

enigmatic receptor binding to dsRNA in plants and to study its cellular location and role in 

limiting virus infection in plants.  

To assess the role of the dsRNA-activated PTI pathway in defense and its interaction with 

other responses such as RNA silencing, it is once again important to identify more signaling 

components involved in this process. To do so, several approaches have been proposed and 

started. First of all, a screen of Arabidopsis EMS-mutagenized seeds has been initiated, which 

could identify mutants insensitive to dsRNA. As dsRNA was shown to induce a strong 

inhibition of root growth upon temporally extended treatments (Chapter 4; Fig. 4.2), this effect 

is being employed as readout to identify insensitive mutants. In parallel, we started to analyze 

different accessions of A. thaliana for their ability to perceive the elicitor. It has been shown 

previously that the use of recombinant inbred lines (RILs) is a successful strategy to identify 

signaling components and allows exact identification of genes involved in signaling processes 

(Jehle et al., 2013a; Zhang et al., 2014). Thus, we aim at analyzing RILs between accessions 

not responsive to dsRNA and Col-0 in order to identify the actors of dsRNA perception and 

signaling. Thereupon, different approaches of biochemistry and cell biology could be 

instigated on these proteins to study their cellular localization and dynamics upon elicitation, 

the receptor-ligand interactions and their biological relevance in viral resistance.  

Actually, in our study we have already shown that pretreatment of Arabidopsis plants with 

dsRNA renders them more resistant to further viral infection (Chapter 4; Fig. 4.3). Future 

investigations will reveal whether dsRNA signaling can be used in order to protect plants 
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against other pathogens such as bacteria, fungi or nematodes. The dsRNA-mediated antiviral 

PTI may be economically adapted to develop new crop protection strategies. This step could 

be achieved by generating transgenic crop plants expressing the dsRNA receptor. Upon this 

modification, plants, which are usually not responsive to the molecule, will probably gain the 

ability to detect and respond to the presence of dsRNA leading to increased resistance to 

infection with viral or microbial pathogens.  

In addition, application of dsRNA could constitute a novel method of antiviral and possibly 

other disease control. As some preliminary data show that also Nicotiana benthamiana 

perceives dsRNA (Appendix; Fig. A6b), we believe that this molecule could be used to 

vaccinate crop plants. However, such studies on antiviral or antimicrobial resistance remain 

to be performed.  

It is anticipated that the dsRNA elicitor can be optimized in size and chemical composition. 

Smaller molecules could increase the intensity of the PTI responses or resistance effects, as 

such a modified molecule might be better able to pass through the cell wall. These variations 

in the size of the dsRNA molecule could be achieved by, for instance, sonification and 

identification of an optimized version of the molecule might enable the utilization of smaller 

concentrations. In the long-term, this would help to exploit dsRNA as a cheaper, more feasible 

application in the field.  
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5.6 Concluding remarks and perspectives 

During the course of this thesis, I have shown together with colleagues from England that 

FLS2 is regulated in a highly tissue-specific manner in Arabidopsis roots and its expression 

localizes to tissues vulnerable for pathogen entry. Furthermore, I provide evidence ascribing 

an important role in fine-tuning the intensity of the downstream PTI response to the identity 

of the root tissue that transmits flg22 perception. Generally, the FLS2 expression level is not 

the major element determining the magnitude of the defense response. Intriguingly, the flg22 

peptide is seemingly able to penetrate the root tissues since it can be perceived by all tissues 

analyzed. The ubiquitous competence of all root tissues to induce PTI if FLS2 is expressed 

further indicates that the necessary response machinery, including coreceptors, is present in 

each tissue. Moreover, differences between MAMP- and DAMP-triggered PTI responses are 

observed in roots, varying not only in the amplitude of the response but also with respect to 

the cellular localization. In general, DAMP signaling in roots may fulfill an important role in 

resistance against invaders.  

Hence, multiple factors appear to contribute to a tissue-specific activation of root PTI 

responses. These factors mainly include the PRR localization/compartmentalization pattern 

and the differences in the capacity of specific types of tissues to respond to MAMPs or to 

propagated signals. These parameters may collectively control and balance the multilayered 

aspects and highly complex organization of the plant immune system in roots.  

The transgenic Arabidopsis lines that I generated during my thesis proved suitable for studying 

the response competence of specific root tissues to flg22 and can be further applied to 

determine the contribution of each tissue to resistance against bacterial colonization. Crosses 

between the lines with localized expression of the FLS2 receptor gene and PTI response 

markers, respectively, will help to untangle PTI signaling in a spatio-temporally resolved 

manner in roots. The use of these lines will further provide information about intercellular, 

intertissue and even systemic communication during PTI. In summary, the transgenic lines 

will help to unravel the role of tissue-specificity in PTI and in future, tissue-specific expression 

of PRRs in certain root tissues might be used to generate plants with higher resistance to soil-

borne pathogens.  
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Interestingly, I have shown that no transcriptional modifications occur in shoots upon root 

treatments with MAMPs/DAMPs. The methods I developed provide a possibility to further 

assess systemic root-to-shoot signaling in Arabidopsis and to determine the importance of 

roots in whole plant immunity but also in the context of development or in regard to abiotic 

effects.  

Simultaneously, the results I obtained in collaboration with coworkers in Basel confirmed that 

PTI is critical in antiviral immunity and identified dsRNA as the first viral PAMP active on 

roots and shoots in Arabidopsis. In addition, our data indicate that interactions and probably 

negative cross-talk of plant signaling networks take place in antiviral defense and are part of 

the complex aspects of immunity. Furthermore, dsRNA application promotes antiviral 

resistance against subsequent viral infection in Arabidopsis. Accordingly, its potential to 

protect crop plants against viral and/or microbial diseases will be further explored and may be 

established as a promising protective agent in agriculture.  

In summary, this work provides new insights into the spatio-temporal regulation of elicitor 

perception, into the function, regulation and interaction of defense responses and helps to 

understand and further investigate the molecular mechanisms and physiological processes 

which lead to resistance against plant pathogens. Hence, this thesis generates knowledge with 

the aim to develop new means for crop protection in agriculture. 

 



LITERATURE 

 

– 171 – 

 

LITERATURE 

Abawi G, Widmer T. 2000. Impact of soil health management practices on soil-borne 

pathogens, nematodes and root diseases of vegetable crops. Applied Soil Ecology 15: 37–47. 

Abramovitch RB, Anderson JC, Martin GB. 2006. Bacterial elicitation and evasion of plant 

innate immunity. Nature Reviews. Molecular Cell Biology 7: 601–11. 

Abreu MT. 2010. Toll-like receptor signalling in the intestinal epithelium: how bacterial 

recognition shapes intestinal function. Nature Reviews. Immunology 10: 131–44. 

Adie BAT, Pérez-Pérez J, Pérez-Pérez MM, Godoy M, Sánchez-Serrano J-J, Schmelz 
EA, Solano R. 2007. ABA is an essential signal for plant resistance to pathogens affecting JA 

biosynthesis and the activation of defenses in Arabidopsis. Plant Cell 19: 1665–81. 

Alassimone J, Naseer S, Geldner N. 2010. A developmental framework for endodermal 

differentiation and polarity. Proceedings of the National Academy of Sciences of the United 

States of America (PNAS) 107: 5214–5219. 

Albert M, Jehle AK, Lipschis M, Mueller K, Zeng Y, Felix G. 2010a. Regulation of cell 

behaviour by plant receptor kinases: Pattern recognition receptors as prototypical models. 

European Journal of Cell Biology 89: 200–7. 

Albert M, Jehle AK, Mueller K, Eisele C, Lipschis M, Felix G. 2010b. Arabidopsis thaliana 

pattern recognition receptors for bacterial elongation factor Tu and flagellin can be combined 

to form functional chimeric receptors. Journal of Biological Chemistry 285: 19035–42. 

Alborn HT. 1997. An elicitor of plant volatiles from beet armyworm oral secretion. Science 

276: 945–949. 

Ali JG, Alborn HT, Stelinski LL. 2010. Subterranean herbivore-induced volatiles released 

by citrus roots upon feeding by Diaprepes abbreviatus recruit entomopathogenic nematodes. 

Journal of Chemical Ecology 36: 361–8. 

Alvarez S, Goodger JQD, Marsh EL, Chen S, Asirvatham VS, Schachtman DP. 2006. 

Characterization of the maize xylem sap proteome. Journal of Proteome Research 5: 963–72. 

Andersen-Nissen E, Smith KD, Strobe KL, Barrett SLR, Cookson BT, Logan SM, 
Aderem A. 2005. Evasion of Toll-like receptor 5 by flagellated bacteria. Proceedings of the 

National Academy of Sciences of the United States of America (PNAS) 102: 9247–52. 

Andret-Link P, Fuchs M. 2005. Transmission specificity of plant viruses by vectors. Journal 

of Plant Pathology 87: 153–165. 

Anelli T, Sitia R. 2008. Protein quality control in the early secretory pathway. EMBO Journal 

27: 315–27. 

Antolín-Llovera M, Petutsching EK, Ried MK, Lipka V, Nürnberger T, Robatzek S, 
Parniske M. 2014. Knowing your friends and foes-plant receptor-like kinases as initiators of 

symbiosis or defence. New Phytologist 204: 791–802. 

Antolín-Llovera M, Ried MK, Binder A, Parniske M. 2012. Receptor kinase signaling 

pathways in plant-microbe interactions. Annual Review of Phytopathology 50: 451–73. 

Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative stress, and signal 

transduction. Annual Review of Plant Biology 55: 373–99. 

Arpaia N, Barton GM. 2011. Toll-like receptors: key players in antiviral immunity. Current 

Opinion in Virology 1: 447–454. 



LITERATURE 

 

– 172 – 

 

Asai T, Tena G, Plotnikova J, Willmann MR, Chiu W-L, Gomez-Gomez L, Boller T, 
Ausubel FM, Sheen J. 2002. MAP kinase signalling cascade in Arabidopsis innate immunity. 

Nature 415: 977–83. 

Attard A, Gourgues M, Callemeyn-Torre N, Keller H. 2010. The immediate activation of 

defense responses in Arabidopsis roots is not sufficient to prevent Phytophthora parasitica 

infection. New Phytologist 187: 449–60. 

Ausubel FM. 2005. Are innate immune signaling pathways in plants and animals conserved? 

Nature Immunology 6: 973–9. 

Badri D V, Loyola-Vargas VM, Du J, Stermitz FR, Broeckling CD, Iglesias-Andreu L, 
Vivanco JM. 2008. Transcriptome analysis of Arabidopsis roots treated with signaling 

compounds: a focus on signal transduction, metabolic regulation and secretion. New 

Phytologist 179: 209–23. 

Bailey BA, Dean JF, Anderson JD. 1990. An ethylene biosynthesis-inducing endoxylanase 

elicits electrolyte leakage and necrosis in Nicotiana tabacum cv Xanthi leaves. Plant 

Physiology 94: 1849–54. 

Bailey-Serres J, Voesenek LACJ. 2008. Flooding stress: acclimations and genetic diversity. 

Annual Review of Plant Biology 59: 313–39. 

Baillieul F, de Ruffray P, Kauffmann S. 2003. Molecular cloning and biological activity of 

alpha-, beta-, and gamma-megaspermin, three elicitins secreted by Phytophthora megasperma 

H20. Plant Physiology 131: 155–66. 

Bainbridge K, Bennett T, Crisp P, Leyser O, Turnbull C. 2014. Grafting in Arabidopsis. 

Methods in Molecular Biology 1062: 155–63. 

Bakker PAHM, Pieterse CMJ, van Loon LC. 2007. Induced systemic resistance by 

fluorescent Pseudomonas spp. Phytopathology 97: 239–43. 

Balmer D, de Papajewski DV, Planchamp C, Glauser G, Mauch-Mani B. 2013. Induced 

resistance in maize is based on organ-specific defence responses. Plant Journal 74: 213–25. 

Bannenberg G, Martínez M, Hamberg M, Castresana C. 2009. Diversity of the enzymatic 

activity in the lipoxygenase gene family of Arabidopsis thaliana. Lipids 44: 85–95. 

Bantel H, Schmitz ML, Raible A, Gregor M, Schulze-Osthoff K. 2002. Critical role of NF-

kappaB and stress-activated protein kinases in steroid unresponsiveness. FASEB Journal 16: 

1832–4. 

Bar M, Avni A. 2009a. EHD2 inhibits signaling of leucine rich repeat receptor-like proteins. 

Plant Signaling & Behavior 4: 682–4. 

Bar M, Avni A. 2009b. EHD2 inhibits ligand-induced endocytosis and signaling of the 

leucine-rich repeat receptor-like protein LeEix2. Plant Journal 59: 600–611. 

Bari R, Jones JDG. 2009. Role of plant hormones in plant defence responses. Plant 

Molecular Biology 69: 473–88. 

Bartels S, Lori M, Mbengue M, van Verk M, Klauser D, Hander T, Böni R, Robatzek S, 
Boller T. 2013. The family of Peps and their precursors in Arabidopsis: differential expression 

and localization but similar induction of pattern-triggered immune responses. Journal of 

Experimental Botany 64: 5309–21. 

Basse CW, Boller T. 1992. Glycopeptide elicitors of stress responses in tomato cells: N-

linked glycans are essential for activity but act as suppressors of the same activity when 

released from the glycopeptides. Plant Physiology 98: 1239–47. 



LITERATURE 

 

– 173 – 

 

Basse CW, Fath A, Boller T. 1993. High affinity binding of a glycopeptide elicitor to tomato 

cells and microsomal membranes and displacement by specific glycan suppressors. Journal of 

Biological Chemistry 268: 14724–31. 

Bauer Z, Gómez-Gómez L, Boller T, Felix G. 2001. Sensitivity of different ecotypes and 

mutants of Arabidopsis thaliana toward the bacterial elicitor flagellin correlates with the 

presence of receptor-binding sites. Journal of Biological Chemistry 276: 45669–76. 

Beck M, Heard W, Mbengue M, Robatzek S. 2012a. The INs and OUTs of pattern 

recognition receptors at the cell surface. Current Opinion in Plant Biology 15: 367–74. 

Beck M, Wyrsch I, Strutt J, Wimalasekera R, Webb A, Boller T, Robatzek S. 2014. 

Expression patterns of FLAGELLIN SENSING 2 map to bacterial entry sites in plant shoots 

and roots. Journal of Experimental Botany 65: 6487–6498. 

Beck M, Zhou J, Faulkner C, MacLean D, Robatzek S. 2012b. Spatio-temporal cellular 

dynamics of the Arabidopsis flagellin receptor reveal activation status-dependent endosomal 

sorting. Plant Cell 24: 4205–19. 

Beckers GJM, Spoel SH. 2006. Fine-tuning plant defence signalling: Salicylate versus 

jasmonate. Plant Biology 8: 1–10. 

Benedetti M, Pontiggia D, Raggi S, Cheng Z, Scaloni F, Ferrari S, Ausubel FM, Cervone 
F, De Lorenzo G. 2015. Plant immunity triggered by engineered in vivo release of 

oligogalacturonides, damage-associated molecular patterns. Proceedings of the National 

Academy of Sciences of the United States of America (PNAS) 112: 201504154. 

Benkova E, Michniewicz M, Sauer M, Teichmann T, Seifertova D, Jurgens G, Friml J. 
2003. Local, efflux-dependent auxin gradients as a common module for plant organ formation. 

Cell 115: 591–602. 

Bennett T, Scheres B. 2010. Root development-two meristems for the price of one? Current 

Topics in Developmental Biology 91: 67–102. 

Berendsen RL, Pieterse CMJ, Bakker PAHM. 2012. The rhizosphere microbiome and plant 

health. Trends in Plant Science 17: 478–86. 

Berke IC, Li Y, Modis Y. 2013. Structural basis of innate immune recognition of viral RNA. 

Cellular Microbiology 15: 386–94. 

Bezemer TM, van Dam NM. 2005. Linking aboveground and belowground interactions via 

induced plant defenses. Trends in Ecology & Evolution 20: 617–24. 

Bhuiyan NH, Selvaraj G, Wei Y, King J. 2009. Role of lignification in plant defense. Plant 

Signaling & Behavior 4: 158–9. 

Bird DM, Williamson VM, Abad P, McCarter J, Danchin EGJ, Castagnone-Sereno P, 
Opperman C. 2009. The genomes of root-knot nematodes. Annual Review of Phytopathology 

47: 333–51. 

Bishop C, Cooper RM. 1983. An ultrastructural study of vascular colonization in three 

vascular wilt diseases. Physiologial Plant Pathology. 

Bleckmann A, Weidtkamp-Peters S, Seidel CAM, Simon R. 2010. Stem cell signaling in 

Arabidopsis requires CRN to localize CLV2 to the plasma membrane. Plant Physiology 152: 

166–76. 

Block M, Debrouwer D. 1992. In-situ enzyme histochemistry on plastic-embedded plant 

material. The development of an artefact-free beta-glucuronidase assay. Plant Journal 2: 261–

266. 



LITERATURE 

 

– 174 – 

 

Blume B, Nurnberger T, Nass N, Scheel D. 2000. Receptor-mediated increase in 

cytoplasmic free calcium required for activation of pathogen defense in parsley. Plant Cell 12: 

1425–1440. 

Boccara M, Sarazin A, Thiébeauld O, Jay F, Voinnet O, Navarro L, Colot V. 2014. The 

Arabidopsis miR472-RDR6 silencing pathway modulates PAMP- and effector-triggered 

Immunity through the post-transcriptional control of disease resistance genes. PLoS 

Pathogens 10: e1003883. 

Böhm H, Albert I, Oome S, Raaymakers TM, Van den Ackerveken G, Nürnberger T. 
2014. A conserved peptide pattern from a widespread microbial virulence factor triggers 

pattern-induced immunity in Arabidopsis. PLoS Pathogens 10: e1004491. 

Boller T. 1995. Chemoperception of microbial signals in plant cells. Annual Review of Plant 

Physiology and Plant Molecular Biology 46: 189–214. 

Boller T. 2005. Peptide signalling in plant development and self/non-self perception. Current 

Opinion in Cell Biology 17: 116–22. 

Boller T, Felix G. 2009. A renaissance of elicitors: perception of microbe-associated 

molecular patterns and danger signals by pattern-recognition receptors. Annual Review of 

Plant Biology 60: 379–406. 

Boller T, He SY. 2009. Innate immunity in plants: an arms race between pattern recognition 

receptors in plants and effectors in microbial pathogens. Science 324: 742–4. 

Bonardi V, Cherkis K, Nishimura MT, Dangl JL. 2012. A new eye on NLR proteins: 

focused on clarity or diffused by complexity? Current Opinion in Immunology 24: 41–50. 

Boudsocq M, Willmann MR, McCormack M, Lee H, Shan L, He P, Bush J, Cheng S-H, 
Sheen J. 2010. Differential innate immune signalling via Ca2+ sensor protein kinases. Nature 

464: 418–22. 

Boutrot F, Segonzac C, Chang KN, Qiao H, Ecker JR, Zipfel C, Rathjen JP. 2010. Direct 

transcriptional control of the Arabidopsis immune receptor FLS2 by the ethylene-dependent 

transcription factors EIN3 and EIL1. Proceedings of the National Academy of Sciences of the 

United States of America (PNAS) 107: 14502–7. 

Brencicova E, Diebold SS. 2013. Nucleic acids and endosomal pattern recognition: how to 

tell friend from foe? Frontiers in Cellular and Infection Microbiology 3: 37. 

Brodersen P, Petersen M, Bjørn Nielsen H, Zhu S, Newman M-A, Shokat KM, Rietz S, 
Parker J, Mundy J. 2006. Arabidopsis MAP kinase 4 regulates salicylic acid- and jasmonic 

acid/ethylene-dependent responses via EDS1 and PAD4. Plant Journal 47: 532–46. 

Broekaert WF, Delauré SL, De Bolle MFC, Cammue BPA. 2006 The role of ethylene in 

host-pathogen interactions. Annual Review of Phytopathology 44: 393–416. 

Brunner F, Rosahl S, Lee J, Rudd JJ, Geiler C, Kauppinen S, Rasmussen G, Scheel D, 
Nürnberger T. 2002. Pep-13, a plant defense-inducing pathogen-associated pattern from 

Phytophthora transglutaminases. EMBO Journal 21: 6681–8. 

Brutus A, Sicilia F, Macone A, Cervone F, De Lorenzo G. 2010. A domain swap approach 

reveals a role of the plant wall-associated kinase 1 (WAK1) as a receptor of 

oligogalacturonides. Proceedings of the National Academy of Sciences of the United States of 

America (PNAS) 107: 9452–7. 

 



LITERATURE 

 

– 175 – 

 

Bücherl CA, van Esse GW, Kruis A, Luchtenberg J, Westphal AH, Aker J, van Hoek A, 
Albrecht C, Borst JW, de Vries SC. 2013. Visualization of BRI1 and BAK1(SERK3) 

membrane receptor heterooligomers during brassinosteroid signaling. Plant Physiology 162: 

1911–25. 

Buée M, Boer W, Martin F, Overbeek L, Jurkevitch E.2009. The rhizosphere zoo: An 

overview of plant-associated communities of microorganisms, including phages, bacteria, 

archaea, and fungi, and of some of their structuring factors. Plant and Soil 321: 189–212. 

Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren van Themaat E, Schulze-Lefert P. 2013. 

Structure and functions of the bacterial microbiota of plants. Annual Review of Plant Biology 

64: 807–838. 

Cai D, Kleine M, Kifle S, Harloff HJ, Sandal NN, Marcker KA, Klein-Lankhorst RM, 
Salentijn EM, Lange W, Stiekema WJ, et al. 1997. Positional cloning of a gene for 

nematode resistance in sugar beet. Science 275: 832–4. 

Cai R, Lewis J, Yan S, Liu H, Clarke CR, Campanile F, Almeida NF, Studholme DJ, 
Lindeberg M, Schneider D, et al. 2011. The plant pathogen Pseudomonas syringae pv. 

tomato is genetically monomorphic and under strong selection to evade tomato immunity. 

PLoS Pathogens 7: e1002130. 

Cameron DD, Neal AL, van Wees SCM, Ton J. 2013. Mycorrhiza-induced resistance: more 

than the sum of its parts? Trends in Plant Science 18: 539–45.  

Cameron RK, Dixon RA, Lamb CJ. 1994. Biologically induced systemic acquired 

resistance in Arabidopsis thaliana. Plant Journal 5: 715–725. 

Cannesan MA, Durand C, Burel C, Gangneux C, Lerouge P, Ishii T, Laval K, Follet-
Gueye M-L, Driouich A, Vicré-Gibouin M. 2012. Effect of arabinogalactan proteins from 

the root caps of pea and Brassica napus on Aphanomyces euteiches zoospore chemotaxis and 

germination. Plant Physiology 159: 1658–70. 

Cao Y, Aceti DJ, Sabat G, Song J, Makino S-I, Fox BG, Bent AF. 2013. Mutations in FLS2 

Ser-938 dissect signaling activation in FLS2-mediated Arabidopsis immunity. PLoS 

Pathogens 9: e1003313. 

Cao Y, Liang Y, Tanaka K, Nguyen CT, Jedrzejczak RP, Joachimiak A, Stacey G. 2014. 

The kinase LYK5 is a major chitin receptor in Arabidopsis and forms a chitin-induced 

complex with related kinase CERK1. eLife 3: e03766. 

Carvalhais LC, Dennis PG, Badri D V, Tyson GW, Vivanco JM, Schenk PM. 2013. 

Activation of the jasmonic acid plant defence pathway alters the composition of rhizosphere 

bacterial communities. PloS One 8: e56457. 

Cembali T, Folwell RJ, Wandschneider P, Eastwell KC, Howell W. 2003. Economic 

implications of a virus prevention program in deciduous tree fruits in the US. Crop Protection 

22: 1149–1156. 

Chapman EJ, Prokhnevsky AI, Gopinath K, Dolja V V, Carrington JC. 2004. Viral RNA 

silencing suppressors inhibit the microRNA pathway at an intermediate step. Genes & 

Development 18: 1179–86. 

Chen F, Gao M-J, Miao Y-S, Yuan Y-X, Wang M-Y, Li Q, Mao B-Z, Jiang L-W, He Z-
H. 2010. Plasma membrane localization and potential endocytosis of constitutively expressed 

XA21 proteins in transgenic rice. Molecular Plant 3: 917–26. 



LITERATURE 

 

– 176 – 

 

Chinchilla D, Bauer Z, Regenass M, Boller T, Felix G. 2006. The Arabidopsis receptor 

kinase FLS2 binds flg22 and determines the specificity of flagellin perception. Plant Cell 18: 

465–76. 

Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürnberger T, Jones JDG, Felix G, 
Boller T. 2007. A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant 

defence. Nature 448: 497–500.  

Choi J, Tanaka K, Cao Y, Qi Y, Qiu J, Liang Y, Lee SY, Stacey G. 2014. Identification of 

a plant receptor for extracellular ATP. Science 343: 290–4. 

Choi S, Tamaki T, Ebine K, Uemura T, Ueda T, Nakano A. 2013. RABA members act in 

distinct steps of subcellular trafficking of the FLAGELLIN SENSING2 receptor. Plant Cell 

25: 1174–87. 

Choudhary D, Prakash A, Johri BN. 2007. Induced systemic resistance (ISR) in plants: 

mechanism of action. Indian Journal of Microbiology 47: 289–297. 

Christ A, Maegele I, Ha N, Nguyen HH, Crespi MD, Maizel A. 2013. In silico identification 

and in vivo validation of a set of evolutionary conserved plant root-specific cis-regulatory 

elements. Mechanisms of Development 130: 70–81. 

Clark SE, Running MP, Meyerowitz EM. 1993. CLAVATA1, a regulator of meristem and 

flower development in Arabidopsis. Development 119: 397–418. 

Clay NK, Adio AM, Denoux C, Jander G, Ausubel FM. 2009. Glucosinolate metabolites 

required for an Arabidopsis innate immune response. Science 323: 95–101. 

Clemente JC, Ursell LK, Parfrey LW, Knight R. 2012. The impact of the gut microbiota 

on human health: an integrative view. Cell 148: 1258–70. 

Clough SJ, Bent AF. 1998. Floral dip: a simplified method for Agrobacterium-mediated 

transformation of Arabidopsis thaliana. Plant Journal 16: 735–743. 

Cole SJ, Yoon AJ, Faull KF, Diener AC. 2014. Host perception of jasmonates promotes 

infection by Fusarium oxysporum formae speciales that produce isoleucine- and leucine-

conjugated jasmonates. Molecular Plant Pathology 15: 589–600. 

Conrath U. 2011. Molecular aspects of defence priming. Trends in Plant Science 16: 524–

531. 

Conrath U, Beckers GJM, Flors V, García-Agustín P, Jakab G, Mauch F, Newman M-
A, Pieterse CMJ, Poinssot B, Pozo MJ, et al. 2006. Priming: getting ready for battle. 

Molecular Plant-Microbe Interactions (MPMI) 19: 1062–71. 

Cui H, Tsuda K, Parker JE. 2015. Effector-triggered immunity: from pathogen perception 

to robust defense. Annual Review of Plant Biology 66: 487–511  

Cunnac S, Lindeberg M, Collmer A. 2009. Pseudomonas syringae type III secretion system 

effectors: repertoires in search of functions. Current Opinion in Microbiology 12: 53–60. 

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible W-R. 2005. Genome-wide 

identification and testing of superior reference genes for transcript normalization in 

Arabidopsis. Plant Physiology 139: 5–17. 

Da Cunha L, Sreerekha M-V, Mackey D. 2007. Defense suppression by virulence effectors 

of bacterial phytopathogens. Current Opinion in Plant Biology 10: 349–57. 

Dangl JL, Horvath DM, Staskawicz BJ. 2013. Pivoting the plant immune system from 

dissection to deployment. Science 341: 746–51. 



LITERATURE 

 

– 177 – 

 

Dangl JL, Jones JD. 2001. Plant pathogens and integrated defence responses to infection. 

Nature 411: 826–33. 

Dardick C, Ronald P. 2006. Plant and animal pathogen recognition receptors signal through 

non-RD kinases. PLoS Pathogens 2: e2. 

Dardick C, Schwessinger B, Ronald P. 2012. Non-arginine-aspartate (non-RD) kinases are 

associated with innate immune receptors that recognize conserved microbial signatures. 

Current Opinion in Plant Biology 15: 358–66. 

Davis EL, Hussey RS, Mitchum MG, Baum TJ. 2008. Parasitism proteins in nematode-

plant interactions. Current Opinion in Plant Biology 11: 360–6. 

De Bouteiller O, Merck E, Hasan UA, Hubac S, Benguigui B, Trinchieri G, Bates EEM, 
Caux C. 2005. Recognition of double-stranded RNA by human toll-like receptor 3 and 

downstream receptor signaling requires multimerization and an acidic pH. The Journal of 

Biological Chemistry 280: 38133–45. 

Delaney TP, Uknes S, Vernooij B, Friedrich L, Weymann K, Negrotto D, Gaffney T, 
Gut-Rella M, Kessmann H, Ward E, et al. 1994. A central role of salicylic acid in plant 

disease resistance. Science 266: 1247–50. 

Deleris A, Gallego-Bartolome J, Bao J, Kasschau KD, Carrington JC, Voinnet O. 2006. 

Hierarchical action and inhibition of plant dicer-like proteins in antiviral defense. Science 313: 

68–71. 

Dempsey DA, Klessig DF. 2012. SOS - too many signals for systemic acquired resistance? 

Trends in Plant Science 17: 538–45. 

Denancé N, Sánchez-Vallet A, Goffner D, Molina A. 2013. Disease resistance or growth: 

the role of plant hormones in balancing immune responses and fitness costs. Frontiers in Plant 

Science 4: 155. 

Den Boon JA, Diaz A, Ahlquist P. 2010. Cytoplasmic viral replication complexes. Cell Host 

& Microbe 8: 77–85. 

Derrien B, Baumberger N, Schepetilnikov M, Viotti C, De Cillia J, Ziegler-Graff V, Isono 
E, Schumacher K, Genschik P. 2012. Degradation of the antiviral component 

ARGONAUTE1 by the autophagy pathway. Proceedings of the National Academy of Sciences 

of the United States of America (PNAS) 109: 15942–15946. 

De Smet I, Tetsumura T, De Rybel B, Frei dit Frey N, Laplaze L, Casimiro I, Swarup R, 
Naudts M, Vanneste S, Audenaert D, et al. 2007. Auxin-dependent regulation of lateral root 

positioning in the basal meristem of Arabidopsis. Development 134: 681–90. 

De Vleesschauwer D, Höfte M. 2009. Rhizobacteria-induced systemic resistance. Advances 

in Botanical Research 51: 223–281. 

Devoto A, Turner JG. 2003. Regulation of jasmonate-mediated plant responses in 

Arabidopsis. Annals of Botany 92: 329–37. 

Digonnet C, Martinez Y, Denancé N, Chasseray M, Dabos P, Ranocha P, Marco Y, 
Jauneau A, Goffner D. 2012. Deciphering the route of Ralstonia solanacearum colonization 

in Arabidopsis thaliana roots during a compatible interaction: focus at the plant cell wall. 

Planta 236: 1419–31. 

Di Laurenzio L, Wysocka-Diller J, Malamy JE, Pysh L, Helariutta Y, Freshour G, Hahn 
MG, Feldmann K a, Benfey PN. 1996. The SCARECROW gene regulates an asymmetric 

cell division that is essential for generating the radial organization of the Arabidopsis root. 

Cell 86: 423–33. 



LITERATURE 

 

– 178 – 

 

Ding S-W, Voinnet O. 2007. Antiviral immunity directed by small RNAs. Cell 130: 413–

426. 

Dodds PN, Rathjen JP. 2010. Plant immunity: towards an integrated view of plant-pathogen 

interactions. Nature Reviews. Genetics 11: 539–48. 

Doehlemann G, Requena N, Schaefer P, Brunner F, O’Connell R, Parker JE. 2014. 

Reprogramming of plant cells by filamentous plant-colonizing microbes. New Phytologist 

204: 803–814. 

Dolan L, Janmaat K, Willemsen V, Linstead P, Poethig S, Roberts K, Scheres B. 1993. 

Cellular organisation of the Arabidopsis thaliana root. Development 119: 71–84. 

Domazakis E, Du J, Liebrand TWH, Chaparro-Garcia A, Visser RGF, Kamoun S, 
Joosten MHAJ, Vleeshouwers VGAA. 2014. Potato SOBIR1 and SOBIR1-like interact with 

the elicitin-response receptor (ELR) of potato and are involved in the response to INF1 elicitin 

of Phytophthora infestans. Book of Abstracts XVI International Congress on Molecular Plant-

Microbe Interactions.117. 

Domínguez-Ferreras A, Kiss-Papp M, Jehle AK, Felix G, Chinchilla D. 2015. An overdose 

of the Arabidopsis coreceptor BAK1 or its ectodomain causes autoimmunity in a SOBIR1-

dependent manner. Plant Physiology 168: 1106–1121.  

Dong C, Davis RJ, Flavell RA. 2002. MAP kinases in the immune response. Annual Review 

of Immunology 20: 55–72. 

Dong Y, Iniguez A. 2003. Kinetics and strain specificity of rhizosphere and endophytic 

colonization by enteric bacteria on seedlings of Medicago sativa and Medicago truncatula. 

Applied and Environmental Microbiology 69: 1783–1790. 

Dong X. 2004. NPR1, all things considered. Current Opinion in Plant Biology 7: 547–52. 

Doss RP, Oliver JE, Proebsting WM, Potter SW, Kuy S, Clement SL, Williamson RT, 
Carney JR, DeVilbiss ED. 2000. Bruchins: insect-derived plant regulators that stimulate 

neoplasm formation. Proceedings of the National Academy of Sciences of the United States of 

America (PNAS) 97: 6218–23. 

Du J, Verzaux E, Chaparro-Garcia A, Bijsterbosch G, Keizer LCP, Zhou J, Liebrand 
TWH, Xie C, Govers F, Robatzek S, et al. 2015. Elicitin recognition confers enhanced 

resistance to Phytophthora infestans in potato. Nature Plants 1: 15034. 

Dubrovsky JG, Sauer M, Napsucialy-Mendivil S, Ivanchenko MG, Friml J, Shishkova 
S, Celenza J, Benkova E. 2008. Auxin acts as a local morphogenetic trigger to specify lateral 

root founder cells. Proceedings of the National Academy of Sciences of the United States of 

America (PNAS) 105: 8790–8794. 

Dunning FM, Sun W, Jansen KL, Helft L, Bent AF. 2007. Identification and mutational 

analysis of Arabidopsis FLS2 leucine-rich repeat domain residues that contribute to flagellin 

perception. Plant Cell 19: 3297–313. 

Durner J, Shah J, Klessig DF. 1997. Salicylic acid and disease resistance in plants. Trends 

in Plant Science 2: 266–274. 

Durrant WE, Dong X. 2004. Systemic acquired resistance. Annual Review of Phytopathology 

42: 185–209. 

Eapen D, Barroso ML, Campos ME, Ponce G, Corkidi G, Dubrovsky JG, Cassab GI. 
2003. A no hydrotropic response root mutant that responds positively to gravitropism in 

Arabidopsis. Plant Physiology 131: 536–46. 



LITERATURE 

 

– 179 – 

 

Egamberdieva D, Kamilova F, Validov S, Gafurova L, Kucharova Z, Lugtenberg B. 
2008. High incidence of plant growth-stimulating bacteria associated with the rhizosphere of 

wheat grown on salinated soil in Uzbekistan. Environmental Microbiology 10: 1–9. 

Engelhardt S, Lee J, Gäbler Y, Kemmerling B, Haapalainen M-L, Li C-M, Wei Z, Keller 
H, Joosten M, Taira S, et al. 2009. Separable roles of the Pseudomonas syringae pv. 

phaseolicola accessory protein HrpZ1 in ion-conducting pore formation and activation of 

plant immunity. Plant Journal 57: 706–17. 

Erb M, Gordon-Weeks R, Flors V, Camañes G, Turlings TCJ, Ton J. 2009. Belowground 

ABA boosts aboveground production of DIMBOA and primes induction of chlorogenic acid 

in maize. Plant Signaling & Behavior 4: 636–8. 

Erb M, Ton J, Degenhardt J, Turlings TCJ. 2008. Interactions between arthropod-induced 

aboveground and belowground defenses in plants. Plant Physiology 146: 867–74. 

Erbs G, Newman M-A. 2011. Lipopolysaccharide and its interactions with plants. In: Knirel 

YA, Valvano MA, eds. Bacterial lipopolysaccharides. Springer Vienna, 417–433. 

Erbs G, Silipo A, Aslam S, De Castro C, Liparoti V, Flagiello A, Pucci P, Lanzetta R, 
Parrilli M, Molinaro A, et al. 2008. Peptidoglycan and muropeptides from pathogens 

Agrobacterium and Xanthomonas elicit plant innate immunity: structure and activity. 

Chemistry & Biology 15: 438–48. 

Escobar MA, Dandekar AM. 2003. Agrobacterium tumefaciens as an agent of disease. 

Trends in Plant Science 8: 380–6. 

Faulkner C, Robatzek S. 2012. Plants and pathogens: putting infection strategies and defence 

mechanisms on the map. Current Opinion in Plant Biology 15: 699–707. 

Felix G, Boller T. 1995. Systemin induces rapid ion fluxes and ethylene biosynthesis in 

Lycopersicon peruvianum cells. Plant Journal 7: 381–389. 

Felix G, Boller T. 2003. Molecular sensing of bacteria in plants. The highly conserved RNA-

binding motif RNP-1 of bacterial cold shock proteins is recognized as an elicitor signal in 

tobacco. Journal of Biological Chemistry 278: 6201–8. 

Felix G, Duran JD, Volko S, Boller T. 1999. Plants have a sensitive perception system for 

the most conserved domain of bacterial flagellin. Plant Journal 18: 265–76. 

Felix G, Regenass M, Boller T. 1993. Specific perception of subnanomolar concentrations 

of chitin fragments by tomato cells: induction of extracellular alkalinization, changes in 

protein phosphorylation, and establishment of a refractory state. Plant Journal 4: 307–316. 

Fellbrich G, Romanski A, Varet A, Blume B, Brunner F, Engelhardt S, Felix G, 
Kemmerling B, Krzymowska M, Nürnberger T. 2002. NPP1, a Phytophthora-associated 

trigger of plant defense in parsley and Arabidopsis. Plant Journal 32: 375–90. 

Ferrari S, Savatin D V, Sicilia F, Gramegna G, Cervone F, Lorenzo G De. 2013. 

Oligogalacturonides: plant damage-associated molecular patterns and regulators of growth 

and development. Frontiers in Plant Science 4: 49. 

Feys B, Benedetti CE, Penfold CN, Turner JG. 1994. Arabidopsis mutants selected for 

resistance to the phytotoxin coronatine are male sterile, insensitive to methyl jasmonate, and 

resistant to a bacterial pathogen. Plant Cell 6: 751–759. 

Fitter AH. 2005. Darkness visible: reflections on underground ecology. Journal of Ecology 

93: 231–243. 



LITERATURE 

 

– 180 – 

 

Fliegmann J, Mithofer A, Wanner G, Ebel J. 2004. An ancient enzyme domain hidden in 

the putative beta-glucan elicitor receptor of soybean may play an active part in the perception 

of pathogen-associated molecular patterns during broad host resistance. Journal of Biological 

Chemistry 279: 1132–40. 

Flor HH. 1971. Current status of the gene-for-gene concept. Annual Review of 

Phytopathology 9: 275–296. 

Fonseca S, Chico JM, Solano R. 2009. The jasmonate pathway: the ligand, the receptor and 

the core signalling module. Current Opinion in Plant Biology 12: 539–47. 

Fontes EPB, Santos AA, Luz DF, Waclawovsky AJ, Chory J. 2004. The geminivirus 

nuclear shuttle protein is a virulence factor that suppresses transmembrane receptor kinase 

activity. Genes & Development 18: 2545–56. 

Fortin MC, Poff KL. 1991. Characterization of thermotropism in primary roots of maize: 

dependence on temperature and temperature gradient, and interaction with gravitropism. 

Planta 184: 410–4. 

Frei dit Frey N, Garcia AV, Bigeard J, Zaag R, Bueso E, Garmier M, Pateyron S, de 
Tauzia-Moreau M-L, Brunaud V, Balzergue S, et al. 2014. Functional analysis of 

Arabidopsis immune-related MAPKs uncovers a role for MPK3 as negative regulator of 

inducible defences. Genome Biology 15: R87–R87. 

Frías M, Brito N, González C. 2013. The Botrytis cinerea cerato-platanin BcSpl1 is a potent 

inducer of systemic acquired resistance (SAR) in tobacco and generates a wave of salicylic 

acid expanding from the site of application. Molecular Plant Pathology 14: 191–6. 

Fricker M.D, Plieth C, Knight H, Blancaflor E, Knight M.R, White N.S, and Gilroy S. 
1999. Fluorescence and luminescence techniques to probe ion activities in living plant cells. 

In Fluorescent and Luminescent Probes for Biological Activity, 2nd ed., W.T. Mason, pp. 569–

596. 

Friesen ML, Porter SS, Stark SC, von Wettberg EJ, Sachs JL, Martinez-Romero E. 2011. 

Microbially mediated plant functional traits. Annual Review of Ecology, Evolution, and 

Systematics 42: 23–46. 

Fu ZQ, Dong X. 2013. Systemic acquired resistance: turning local infection into global 

defense. Annual Review of Plant Biology 64: 839–63. 

Fu ZQ, Guo M, Jeong B, Tian F, Elthon TE, Cerny RL, Staiger D, Alfano JR. 2007. A 

type III effector ADP-ribosylates RNA-binding proteins and quells plant immunity. Nature 

447: 284–8. 

Furukawa T, Inagaki H, Takai R, Hirai H, Che F-S. 2014. Two distinct EF-Tu epitopes 

induce immune responses in rice and Arabidopsis. Molecular Plant-Microbe Interactions 

(MPMI) 27: 113–24. 

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes S, Ward E, Kessmann H, 
Ryals J. 1993. Requirement of salicylic acid for the induction of systemic acquired resistance. 

Science 261: 754–6. 

Gao M, Wang X, Wang D, Xu F, Ding X, Zhang Z, Bi D, Cheng YT, Chen S, Li X, et al. 

2009. Regulation of cell death and innate immunity by two receptor-like kinases in 

Arabidopsis. Cell Host & Microbe 6: 34–44. 

 

 



LITERATURE 

 

– 181 – 

 

Garcia-Ruiz H, Takeda A, Chapman EJ, Sullivan CM, Fahlgren N, Brempelis KJ, 
Carrington JC. 2010. Arabidopsis RNA-dependent RNA polymerases and dicer-like proteins 

in antiviral defense and small interfering RNA biogenesis during Turnip mosaic virus 

infection. Plant Cell 22: 481–496. 

Gaulin E, Dramé N, Lafitte C, Torto-Alalibo T, Martinez Y, Ameline-Torregrosa C, 
Khatib M, Mazarguil H, Villalba-Mateos F, Kamoun S, et al. 2006. Cellulose binding 

domains of a Phytophthora cell wall protein are novel pathogen-associated molecular patterns. 

Plant Cell 18: 1766–77. 

Geldner N. 2013. The endodermis. Annual Review of Plant Biology 64: 531–58. 

Geldner N, Hyman DL, Wang X, Schumacher K, Chory J. 2007. Endosomal signaling of 

plant steroid receptor kinase BRI1. Genes & Development 21: 1598–1602. 

Gheysen G, Mitchum MG. 2009. Molecular insights in the susceptible plant response to 

nematode infection. Cell Biology of Plant Nematode Parasitism 15: 45–82. 

Gigolashvili T, Berger B, Mock H-P, Müller C, Weisshaar B, Flügge U-I. 2007. The 

transcription factor HIG1/MYB51 regulates indolic glucosinolate biosynthesis in Arabidopsis 

thaliana. Plant Journal 50: 886–901. 

Gimenez-Ibanez S, Ntoukakis V, Rathjen JP. 2009. The LysM receptor kinase CERK1 

mediates bacterial perception in Arabidopsis. Plant Signaling & Behavior 4: 539–41. 

Glazebrook J. 2005. Contrasting mechanisms of defense against biotrophic and necrotrophic 

pathogens. Annual Review of Phytopathology 43: 205–27. 

Goh T, Joi S, Mimura T, Fukaki H. 2012. The establishment of asymmetry in Arabidopsis 

lateral root founder cells is regulated by LBD16/ASL18 and related LBD/ASL proteins. 

Development 139: 883–93. 

Göhre V, Spallek T, Häweker H, Mersmann S, Mentzel T, Boller T, de Torres M, 
Mansfield JW, Robatzek S. 2008. Plant pattern-recognition receptor FLS2 is directed for 

degradation by the bacterial ubiquitin ligase AvrPtoB. Current Biology 18: 1824–32. 

Gómez-Gómez L, Boller T. 2000. FLS2: An LRR receptor–like kinase involved in the 

perception of the bacterial elicitor flagellin in Arabidopsis. Molecular Cell 5: 1003–1011. 

Gómez-Gómez L, Felix G, Boller T. 1999. A single locus determines sensitivity to bacterial 

flagellin in Arabidopsis thaliana. Plant Journal 18: 277–84. 

Gou X, Yin H, He K, Du J, Yi J, Xu S, Lin H, Clouse SD, Li J. 2012. Genetic evidence for 

an indispensable role of somatic embryogenesis receptor kinases in brassinosteroid signaling. 

PLoS Genetics 8: e1002452. 

Goverse A, Smant G. 2014. The activation and suppression of plant innate immunity by 

parasitic nematodes. Annual Review of Phytopathology 52: 243–65. 

Granado J, Felix G, Boller T. 1995. Perception of fungal sterols in plants (subnanomolar 

concentrations of ergosterol elicit extracellular alkalinization in tomato cells). Plant 

Physiology 107: 485–490. 

Grant M, Lamb C. 2006. Systemic immunity. Current Opinion in Plant Biology 9: 414–20. 

Grebe M. 2011. Plant biology: unveiling the Casparian strip. Nature 473: 294–5. 

Greenberg JT, Yao N. 2004. The role and regulation of programmed cell death in plant-

pathogen interactions. Cellular Microbiology 6: 201–11. 

Grierson C, Nielsen E, Ketelaarc T, Schiefelbein J. 2014. Root hairs. The Arabidopsis 

Book/American Society of Plant Biologists 12: e0172. 



LITERATURE 

 

– 182 – 

 

Gruner K, Griebel T, Návarová H, Attaran E, Zeier J. 2013. Reprogramming of plants 

during systemic acquired resistance. Frontiers in Plant Science 4: 252. 

Gust AA, Biswas R, Lenz HD, Rauhut T, Ranf S, Kemmerling B, Götz F, Glawischnig 
E, Lee J, Felix G, et al. 2007. Bacteria-derived peptidoglycans constitute pathogen-associated 

molecular patterns triggering innate immunity in Arabidopsis. The Journal of Biological 

Chemistry 282: 32338–48. 

Gust AA, Felix G. 2014. Receptor like proteins associate with SOBIR1-type of adaptors to 

form bimolecular receptor kinases. Current Opinion in Plant Biology 21: 104–11. 

Gutjahr C, Paszkowski U. 2009. Weights in the balance: jasmonic acid and salicylic acid 

signaling in root-biotroph interactions. Molecular Plant-Microbe Interactions (MPMI) 22: 

763–72. 

Haas D, Défago G. 2005. Biological control of soil-borne pathogens by fluorescent 

pseudomonads. Nature Reviews. Microbiology 3: 307–19. 

Hahn MG, Darvill AG, Albersheim P. 1981. Host-pathogen interactions : XIX. The 

endogenous elicitor, a fragment of a plant cell wall polysaccharide that elicits phytoalexin 

accumulation in soybeans. Plant Physiology 68: 1161–9. 

Hanania U, Avni A. 1997. High-affinity binding site for ethylene-inducing xylanase elicitor 

on Nicotiana tabacum membranes. Plant Journal 12: 113–120. 

Hann DR, Rathjen JP. 2007. Early events in the pathogenicity of Pseudomonas syringae on 

Nicotiana benthamiana. Plant Journal 49: 607–18. 

Hansen EM, Reeser PW, Sutton W. 2012. Phytophthora beyond agriculture. Annual Review 

of Phytopathology 50: 359–78. 

Haseloff J, Siemering KR, Prasher DC, Hodge S. 1997. Removal of a cryptic intron and 

subcellular localization of green fluorescent protein are required to mark transgenic 

Arabidopsis plants brightly. Proceedings of the National Academy of Sciences of the United 

States of America (PNAS) 94: 2122–7. 

Hasenstein KH, Evans ML, Stinemetz CL, Moore R, Fondren WM, Koon EC, Higby 
MA, Smucker AJ. 1988. Comparative effectiveness of metal ions in inducing curvature of 

primary roots of Zea mays. Plant Physiology 86: 885–9. 

Häweker H, Rips S, Koiwa H, Salomon S, Saijo Y, Chinchilla D, Robatzek S, von 
Schaewen. 2010. Pattern recognition receptors require N-glycosylation to mediate plant 

immunity. Journal of Biological Chemistry 12: 4629–36. 

Hayafune M, Berisio R, Marchetti R, Silipo A, Kayama M, Desaki Y, Arima S, Squeglia 
F, Ruggiero A, Tokuyasu K, et al. 2014. Chitin-induced activation of immune signaling by 

the rice receptor CEBiP relies on a unique sandwich-type dimerization. Proceedings of the 

National Academy of Sciences of the United States of America (PNAS) 111: 404–13. 

Hayward AC. 1991. Biology and epidemiology of bacterial wilt caused by Pseudomonas 

solanacearum. Annual Review of Phytopathology 29: 65–87. 

Heese A, Hann DR, Gimenez-Ibanez S, Jones AME, He K, Li J, Schroeder JI, Peck SC, 
Rathjen JP. 2007. The receptor-like kinase SERK3/BAK1 is a central regulator of innate 

immunity in plants. Proceedings of the National Academy of Sciences of the United States of 

America (PNAS) 104: 12217–22. 

Heidstra R, Sabatini S. 2014. Plant and animal stem cells: similar yet different. Nature 

Reviews. Molecular Cell Biology 15: 301–12. 



LITERATURE 

 

– 183 – 

 

Heil M. 2002. Ecological costs of induced resistance. Current Opinion in Plant Biology 5: 

345–50. 

Heil M. 2008. Indirect defence via tritrophic interactions. New Phytologist 178: 41–61. 

Heil M, Baldwin IT. 2002. Fitness costs of induced resistance: emerging experimental 

support for a slippery concept. Trends in Plant Science 7: 61–7. 

Heil M, Ton J. 2008. Long-distance signalling in plant defence. Trends in Plant Science 13: 

264–72. 

Helft L, Reddy V, Chen X, Koller T, Federici L, Fernández-Recio J, Gupta R, Bent A. 
2011. LRR conservation mapping to predict functional sites within protein leucine-rich repeat 

domains. PloS One 6: e21614. 

Herrera Medina M. 2003. Root colonization by arbuscular mycorrhizal fungi is affected by 

the salicylic acid content of the plant. Plant Science 164: 993–998. 

Hibbett DS, Binder M, Bischoff JF, Blackwell M, Cannon PF, Eriksson OE, Huhndorf 
S, James T, Kirk PM, Lücking R, et al. 2007. A higher-level phylogenetic classification of 

the fungi. Mycological Research 111: 509–47. 

Hilaire E, Young SA, Willard LH, McGee JD, Sweat T, Chittoor JM, Guikema JA, Leach 
JE. 2001. Vascular defense responses in rice: peroxidase accumulation in xylem parenchyma 

cells and xylem wall thickening. Molecular Plant-Microbe Interactions (MPMI) 14: 1411–9. 

Hiltpold I, Baroni M, Toepfer S, Kuhlmann U, Turlings TCJ. 2010. Selective breeding of 

entomopathogenic nematodes for enhanced attraction to a root signal did not reduce their 

establishment or persistence after field release. Plant Signaling & Behavior 5: 1450–2. 

Hind SR, Malinowski R, Yalamanchili R, Stratmann JW. 2010. Tissue-type specific 

systemin perception and the elusive systemin receptor. Plant Signaling & Behavior 5: 42–4. 

Holton N, Nekrasov V, Ronald PC, Zipfel C. 2015. The phylogenetically-related pattern 

recognition receptors EFR and XA21 recruit similar immune signaling components in 

monocots and dicots. PLoS Pathogens 11: e1004602. 

Hopkins PA, Sriskandan S. 2005. Mammalian Toll-like receptors: to immunity and beyond. 

Clinical and Experimental Immunology 140: 395–407. 

Hou S, Wang X, Chen D, Yang X, Wang M, Turrà D, Di Pietro A, Zhang W. 2014. The 

secreted peptide PIP1 amplifies immunity through receptor-like kinase 7. PLoS Pathogens 10: 

e1004331. 

Howe G, Jander G. 2008. Plant immunity to insect herbivores. Annual Review of Plant 

Biology 59: 41–66. 

Howe G, Schaller A. 2008. Direct defenses in plants and their induction by wounding and 

insect herbivores. In: Schaller A, eds. Induced plant resistance to herbivory. Springer 

Netherlands, 7–29. 

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem 
W, Zimmermann P. 2008. Genevestigator V3: A reference expression database for the meta-

analysis of transcriptomes. Advances in Bioinformatics 2008: 420747. 

Hu W, Pasare C. 2013. Location, location, location: tissue-specific regulation of immune 

responses. Journal of Leukocyte bBology 94: 409–21. 

Huang X-F, Chaparro JM, Reardon KF, Zhang R, Shen Q, Vivanco JM. 2014. 

Rhizosphere interactions: root exudates, microbes, and microbial communities 1. Botany 92: 

267–275. 



LITERATURE 

 

– 184 – 

 

Huffaker A, Pearce G, Ryan CA. 2006. An endogenous peptide signal in Arabidopsis 

activates components of the innate immune response. Proceedings of the National Academy 

of Sciences of the United States of America (PNAS) 103: 10098–103. 

Huffaker A, Ryan CA. 2007. Endogenous peptide defense signals in Arabidopsis 

differentially amplify signaling for the innate immune response. Proceedings of the National 

Academy of Sciences of the United States of America (PNAS) 104: 10732–6. 

Hugouvieux V, Barber CE, Daniels MJ. 1998. Entry of Xanthomonas campestris pv. 

campestris into hydathodes of Arabidopsis thaliana leaves: a system for studying early 

infection events in bacterial pathogenesis. Molecular Plant-Microbe Interactions (MPMI) 11: 

537–543. 

Hull R. 2002. Virus Infection, Plant. Encyclopedia of Molecular Biology. John Wiley & Sons, 

Inc. doi: 10.1002/047120918X.emb1662. 

Husebye H, Halaas Ø, Stenmark H, Tunheim G, Sandanger Ø, Bogen B, Brech A, Latz 
E, Espevik T. 2006. Endocytic pathways regulate Toll-like receptor 4 signaling and link 

innate and adaptive immunity. EMBO Journal 25: 683–92. 

Hwang S-F, Strelkov SE, Feng J, Gossen BD, Howard RJ. 2012. Plasmodiophora 

brassicae: a review of an emerging pathogen of the Canadian canola (Brassica napus) crop. 

Molecular Plant Pathology 13: 105–13. 

Incarbone M, Dunoyer P. 2013. RNA silencing and its suppression: novel insights from in 

planta analyses. Trends in Plant Science 18: 382–92. 

Inohara N, Nuñez G. 2003. NODs: intracellular proteins involved in inflammation and 

apoptosis. Nature Reviews. Immunology 3: 371–82. 

Irani NG, Di Rubbo S, Mylle E, Van den Begin J, Schneider-Pizoń J, Hniliková J, Šíša 
M, Buyst D, Vilarrasa-Blasi J, Szatmári A-M, et al. 2012. Fluorescent castasterone reveals 

BRI1 signaling from the plasma membrane. Nature Reviews. Chemical Biology 8: 583–9. 

Ishikawa H, Evans ML. 1990. Gravity-induced changes in intracellular potentials in 

elongating cortical cells of mung bean roots. Plant & Cell Physiology 31: 457–62. 

Itoh K, Watanabe A, Funami K, Seya T, Matsumoto M. 2008. The clathrin-mediated 

endocytic pathway participates in dsRNA-induced IFN-beta production. Journal of 

Immunology 181: 5522–9. 

Iwasaki A, Medzhitov R. 2004. Toll-like receptor control of the adaptive immune responses. 

Nature Immunology 5: 987–95. 

Jacobs JM, Milling A, Mitra RM, Hogan CS, Ailloud F, Prior P, Allen C. 2013. Ralstonia 

solanacearum requires PopS, an ancient AvrE-family effector, for virulence and to overcome 

salicylic acid-mediated defenses during tomato pathogenesis. mBio 4: e00875–13. 

Jacobs S, Zechmann B, Molitor A, Trujillo M, Petutschnig E, Lipka V, Likpa V, Kogel 
K-H, Schäfer P. 2011. Broad-spectrum suppression of innate immunity is required for 

colonization of Arabidopsis roots by the fungus Piriformospora indica. Plant Physiology 156: 

726–40. 

Jehle AK, Fürst U, Lipschis M, Albert M, Felix G. 2013b. Perception of the novel MAMP 

eMax from different Xanthomonas species requires the Arabidopsis receptor-like protein 

ReMAX and the receptor kinase SOBIR. Plant Signaling & Behavior 8: e27408. 

Jehle AK, Lipschis M, Albert M, Fallahzadeh-Mamaghani V, Fürst U, Mueller K, Felix 
G. 2013a. The receptor-like protein ReMAX of Arabidopsis detects the microbe-associated 

molecular pattern eMax from Xanthomonas. Plant Cell 25: 2330–2340. 



LITERATURE 

 

– 185 – 

 

Jenns AE. 1979. Graft transmission of systemic resistance of cucumber to anthracnose 

induced by Colletotrichum lagenarium and Tobacco necrosis virus. Phytopathology 69: 753. 

Jensen S, Thomsen AR. 2012. Sensing of RNA viruses: a review of innate immune receptors 

involved in recognizing RNA virus invasion. Journal of Virology 86: 2900–10. 

Johnson PR, Ecker JR. 1998. The ethylene gas signal transduction pathway: a molecular 

perspective. Annual Review of Genetics 32: 227–54. 

Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti PJ, Jones JDG. 1994. 

Isolation of the tomato Cf-9 gene for resistance to Cladosporium fulvum by transposon 

tagging. Science 266: 789–93. 

Jones JDG, Dangl JL. 2006. The plant immune system. Nature 444: 323–9. 

Joosten M, de Wit P. 1999. The tomato-Cladosporium fulvum interaction: A versatile 

experimental system to study plant-pathogen interactions. Annual Review of Phytopathology 

37: 335–367. 

Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S, Ntoukakis V, Jones JD, Shirasu 
K, Menke F, Jones A, et al. 2014. Direct regulation of the NADPH oxidase RBOHD by the 

PRR-associated kinase BIK1 during plant immunity. Molecular Cell 54: 43–55. 

Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C, Dohmae N, Takio K, 
Minami E, Shibuya N. 2006. Plant cells recognize chitin fragments for defense signaling 

through a plasma membrane receptor. Proceedings of the National Academy of Sciences of the 

United States of America (PNAS) 103: 11086–91. 

Kaplan I, Halitschke R, Kessler A, Rehill BJ, Sardanelli S, Denno RF. 2008a. 

Physiological integration of roots and shoots in plant defense strategies links above- and 

belowground herbivory. Ecology Letters 11: 841–51. 

Kaplan I, Halitschke R, Kessler A, Sardanelli S, Denno RF. 2008b. Constitutive and 

induced defenses to herbivory in above- and belowground plant tissues. Ecology 89: 392–406. 

Kassaw TK, Frugoli JA. 2012. Simple and efficient methods to generate split roots and 

grafted plants useful for long-distance signaling studies in Medicago truncatula and other 

small plants. Plant Methods 8: 38. 

Katsuragi Y, Takai R, Furukawa T, Hirai H, Morimoto T, Katayama T, Murakami T, 
Che F-S. 2015. CD2-1, the C-terminal region of flagellin, modulates the induction of immune 

responses in rice. Molecular Plant-Microbe Interactions (MPMI) 28: 648–58. 

Kawamura Y, Takenaka S, Hase S, Kubota M, Ichinose Y, Kanayama Y, Nakaho K, 
Klessig DF, Takahashi H. 2009. Enhanced defense responses in Arabidopsis induced by the 

cell wall protein fractions from Pythium oligandrum require SGT1, RAR1, NPR1 and JAR1. 

Plant & Cell Physiology 50: 924–34. 

Kazan K, Manners JM. 2009. Linking development to defense: auxin in plant-pathogen 

interactions. Trends in Plant Science 14: 373–82. 

Kazmierczak BI, Mostov K, Engel JN. 2001. Interaction of bacterial pathogens with 

polarized epithelium. Annual Review of Microbiology 55: 407–35. 

Kemmerling B, Schwedt A, Rodriguez P, Mazzotta S, Frank M, Qamar SA, Mengiste T, 
Betsuyaku S, Parker JE, Müssig C, et al. 2007. The BRI1-associated kinase 1, BAK1, has 

a brassinolide-independent role in plant cell-death control. Current Biology 17: 1116–22. 



LITERATURE 

 

– 186 – 

 

Khatib M, Lafitte C, Esquerre-Tugaye M-T, Bottin A, Rickauer M. 2004. The CBEL 

elicitor of Phytophthora parasitica var. nicotianae activates defence in Arabidopsis thaliana 

via three different signalling pathways. New Phytologist 162: 501–510. 

Kieliszewski MJ, Lamport DT. 1994. Extensin: repetitive motifs, functional sites, post-

translational codes, and phylogeny. Plant Journal 5: 157–72. 

Kimura M. 2008. Ecology of viruses in soils: Past, present and future perspectives. Soil 

Science & Plant Nutrition 54: 1–32. 

Klarzynski O, Plesse B, Joubert JM, Yvin JC, Kopp M, Kloareg B, Fritig B. 2000. Linear 

beta-1,3 glucans are elicitors of defense responses in tobacco. Plant Physiology 124: 1027–

38. 

Klemptner RL, Sherwood JS, Tugizimana F, Dubery IA, Piater LA. 2014. Ergosterol, an 

orphan fungal microbe-associated molecular pattern (MAMP). Molecular Plant Pathology 15: 

747–61. 

Kloepper JW, Ryu C-M, Zhang S. 2004. Induced systemic resistance and promotion of plant 

growth by Bacillus spp. Phytopathology 94: 1259–66. 

Kloppholz S, Kuhn H, Requena N. 2011. A secreted fungal effector of Glomus intraradices 

promotes symbiotic biotrophy. Current Biology 21: 1204–9. 

Koga J, Yamauchi T, Shimura M, Ogawa N, Oshima K, Umemura K, Kikuchi M, 
Ogasawara N. 1998. Cerebrosides A and C, sphingolipid elicitors of hypersensitive cell death 

and phytoalexin accumulation in rice plants. Journal of Biological Chemistry 273: 31985–91. 

Kombrink E, Somssich IE. 1997. Pathogenesis-related proteins and plant defense. In: Carroll 

G, Tudzynski P, eds. The mycota. Plant relationships. Springer Berlin Heidelberg, 107–128. 

Kørner CJ, Klauser D, Niehl A, Domínguez-Ferreras A, Chinchilla D, Boller T, Heinlein 
M, Hann DR. 2013. The immunity regulator BAK1 contributes to resistance against diverse 

RNA viruses. Molecular Plant-Microbe Interactions (MPMI) 26: 1271–80. 

Kosslak RM, Bohlool BB. 1984. Suppression of nodule development of one side of a split-

root system of soybeans caused by prior inoculation of the other side. Plant Physiology 75: 

125–30. 

Kouchi H, Shimomura K, Hata S, Hirota A, Wu G-J, Kumagai H, Tajima S, Suganuma 
N, Suzuki A, Aoki T, et al. 2004. Large-scale analysis of gene expression profiles during 

early stages of root nodule formation in a model legume, Lotus japonicus. DNA Research  11: 

263–74. 

Krol E, Mentzel T, Chinchilla D, Boller T, Felix G, Kemmerling B, Postel S, Arents M, 
Jeworutzki E, Al-Rasheid K a S, et al. 2010. Perception of the Arabidopsis danger signal 

peptide 1 involves the pattern recognition receptor AtPEPR1 and its close homologue 

AtPEPR2. Journal of Biological Chemistry 285: 13471–9. 

Krupa S. V. 2012. Ecology of root pathogens. Elsevier. 

Kubinak JL, Round JL. 2012. Toll-like receptors promote mutually beneficial commensal-

host interactions. PLoS Pathogens 8: e1002785. 

Kumari A, Kumar J, Kumar A, Chaudhury A, Singh SP. 2015. Grafting triggers 

differential responses between scion and rootstock. PLoS One 10: e0124438. 

Kunkel BN, Brooks DM. 2002. Cross talk between signaling pathways in pathogen defense. 

Current Opinion in Plant Biology 5: 325–331. 



LITERATURE 

 

– 187 – 

 

Kunze G, Zipfel C, Robatzek S, Niehaus K, Boller T, Felix G. 2004. The N terminus of 

bacterial elongation factor Tu elicits innate immunity in Arabidopsis plants. Plant Cell 16: 

3496–507. 

Lacombe S, Rougon-Cardoso A, Sherwood E, Peeters N, Dahlbeck D, van Esse HP, 
Smoker M, Rallapalli G, Thomma BPHJ, Staskawicz B, et al. 2010. Interfamily transfer of 

a plant pattern-recognition receptor confers broad-spectrum bacterial resistance. Nature 

Biotechnology 28: 365–9. 

Lafferty KJ, Cunningham AJ. 1975. A new analysis of allogeneic interactions. Australian 

Journal of Experimental Biology and Medical Science 53: 27–42. 

Laguerre G, Heulin-Gotty K, Brunel B, Klonowska A, Le Quéré A, Tillard P, Prin Y, 
Cleyet-Marel J-C, Lepetit M. 2012. Local and systemic N signaling are involved in 

Medicago truncatula preference for the most efficient Sinorhizobium symbiotic partners. New 

Phytologist 195: 437–49. 

Lakshmanan V, Kitto SL, Caplan JL, Hsueh Y-H, Kearns DB, Wu Y-S, Bais HP. 2012. 

Microbe-associated molecular patterns-triggered root responses mediate beneficial 

rhizobacterial recruitment in Arabidopsis. Plant Physiology 160: 1642–61. 

Laliberté J-F, Sanfaçon H. 2010. Cellular remodeling during plant virus infection. Annual 

Review of Phytopathology 48: 69–91. 

Laluk K, Luo H, Chai M, Dhawan R, Lai Z, Mengiste T. 2011. Biochemical and genetic 

requirements for function of the immune response regulator BOTRYTIS-INDUCED 

KINASE1 in plant growth, ethylene signaling, and PAMP-triggered immunity in Arabidopsis. 

Plant Cell 23: 2831–49. 

Lamb C, Dixon RA. 1997. The oxidative burst in plant disease resistance. Annual Review of 

Plant Physiology and Plant Molecular Biology 48: 251–275. 

Lecourieux D, Ranjeva R, Pugin A. 2006. Calcium in plant defence-signalling pathways. 

New Phytologist 171: 249–69. 

Lee JS, Kuroha T, Hnilova M, Khatayevich D, Kanaoka MM, McAbee JM, Sarikaya M, 
Tamerler C, Torii KU. 2012. Direct interaction of ligand-receptor pairs specifying stomatal 

patterning. Genes & Development 26: 126–36. 

Lee J, Mo J-H, Katakura K, Alkalay I, Rucker AN, Liu Y-T, Lee H-K, Shen C, Cojocaru 
G, Shenouda S, et al. 2006. Maintenance of colonic homeostasis by distinctive apical TLR9 

signalling in intestinal epithelial cells. Nature Cell Biology 8: 1327–36. 

Lee MM, Schiefelbein J. 1999. WEREWOLF, a MYB-related protein in Arabidopsis, is a 

position-dependent regulator of epidermal cell patterning. Cell 99: 473–83.  

Li F, Pignatta D, Bendix C, Brunkard JO, Cohn MM, Tung J, Sun H, Kumar P, Baker 
B. 2012. MicroRNA regulation of plant innate immune receptors. Proceedings of the National 

Academy of Sciences of the United States of America (PNAS) 109: 1790–1795. 

Li J, Wen J, Lease KA, Doke JT, Tax FE, Walker JC. 2002. BAK1, an Arabidopsis LRR 

receptor-like protein kinase, interacts with BRI1 and modulates brassinosteroid signaling. Cell 

110: 213–222. 

Li L, Li M, Yu L, Zhou Z, Liang X, Liu Z, Cai G, Gao L, Zhang X, Wang Y, et al. 2014. 

The FLS2-associated kinase BIK1 directly phosphorylates the NADPH oxidase RbohD to 

control plant immunity. Cell Host & Microbe 15: 329–38. 

Li Y, Lu J, Han Y, Fan X, Ding S-W. 2013. RNA interference functions as an antiviral 

immunity mechanism in mammals. Science 342: 231–234. 



LITERATURE 

 

– 188 – 

 

Liebrand TWH, van den Berg GCM, Zhang Z, Smit P, Cordewener JHG, America AHP, 
America AHP, Sklenar J, Jones AME, Tameling WIL, et al. 2013. Receptor-like kinase 

SOBIR1/EVR interacts with receptor-like proteins in plant immunity against fungal infection. 

Proceedings of the National Academy of Sciences of the United States of America (PNAS) 110: 

10010–5. 

Liebrand TWH, Van den Burg HA, Joosten MHAJ. 2014. Two for all: receptor-associated 

kinases SOBIR1 and BAK1. Trends in Plant Science 19: 123–32. 

Lionetti V, Métraux J-P. 2014. Plant cell wall in pathogenesis, parasitism and symbiosis. 

Frontiers in Plant Science 5: 612. 

Liu J, Maldonado-Mendoza I, Lopez-Meyer M, Cheung F, Town CD, Harrison MJ. 
2007. Arbuscular mycorrhizal symbiosis is accompanied by local and systemic alterations in 

gene expression and an increase in disease resistance in the shoots. Plant Journal 50: 529–44. 

Liu Z, Wu Y, Yang F, Zhang Y, Chen S, Xie Q, Tian X, Zhou J-M. 2013. BIK1 interacts 

with PEPRs to mediate ethylene-induced immunity. Proceedings of the National Academy of 

Sciences of the United States of America (PNAS) 110: 6205–10. 

Llave C. 2010. Virus-derived small interfering RNAs at the core of plant-virus interactions. 

Trends in Plant Science 15: 701–7. 

Lohar DP, Sharopova N, Endre G, Peñuela S, Samac D, Town C, Silverstein KAT, 
VandenBosch KA. 2006. Transcript analysis of early nodulation events in Medicago 

truncatula. Plant Physiology 140: 221–34. 

Lohse M, Nunes-Nesi A, Krüger P, Nagel A, Hannemann J, Giorgi FM, Childs L, Osorio 
S, Walther D, Selbig J, et al. 2010. Robin: An intuitive wizard application for R-based 

expression microarray quality assessment and analysis. Plant Physiology 153: 642–651. 

Long SR. 1989. Rhizobium-legume nodulation: life together in the underground. Cell 56: 

203–14. 

Lorenzo O, Solano R. 2005. Molecular players regulating the jasmonate signalling network. 

Current Opinion in Plant Biology 8: 532–40. 

Loria R, Coombs J, Yoshida M, Kers J, Bukhalid R. 2003. A paucity of bacterial root 

diseases: Streptomyces succeeds where others fail. Physiological and Molecular Plant 

Pathology 62: 65–72. 

Loria R, Kers J, Joshi M. 2006. Evolution of plant pathogenicity in streptomyces. Annual 

Review of Phytopathology 44: 469–487. 

Love AJ, Geri C, Laird J, Carr C, Yun B-W, Loake GJ, Tada Y, Sadanandom A, Milner 
JJ. 2012 Cauliflower mosaic virus protein P6 inhibits signaling responses to salicylic acid and 

regulates innate immunity. PLoS One 7: e47535. 

Love AJ, Laval V, Geri C, Laird J, Tomos AD, Hooks MA, Milner JJ. 2007 Components 

of Arabidopsis defense- and ethylene-signaling pathways regulate susceptibility to 

Cauliflower mosaic virus by restricting long-distance movement. Molecular Plant-Microbe 

Interactions (MPMI) 20: 659–70. 

Love AJ, Yun BW, Laval V, Loake GJ, Milner JJ. 2005 Cauliflower mosaic virus, a 

compatible pathogen of Arabidopsis, engages three distinct defense-signaling pathways and 

activates rapid systemic generation of reactive oxygen species. Plant Physiology 139: 935–

948. 



LITERATURE 

 

– 189 – 

 

Lozano-Durán R, Bourdais G, He SY, Robatzek S. 2014. The bacterial effector HopM1 

suppresses PAMP-triggered oxidative burst and stomatal immunity. New Phytologist 202: 

259-269. 

Lozano-Durán R, Macho AP, Boutrot F, Segonzac C, Somssich IE, Zipfel C. 2013. The 

transcriptional regulator BZR1 mediates trade-off between plant innate immunity and growth. 

eLife 2: e00983. 

Lozano-Torres JL, Wilbers RHP, Gawronski P, Boshoven JC, Finkers-Tomczak A, 
Cordewener JHG, America AHP, Overmars HA, Van ’t Klooster JW, Baranowski L, et 

al. 2012. Dual disease resistance mediated by the immune receptor Cf-2 in tomato requires a 

common virulence target of a fungus and a nematode. Proceedings of the National Academy 

of Sciences of the United States of America (PNAS) 109: 10119–24. 

Lu D, Lin W, Gao X, Wu S, Cheng C, Avila J, Heese A, Devarenne TP, He P, Shan L. 
2011. Direct ubiquitination of pattern recognition receptor FLS2 attenuates plant innate 

immunity. Science 332: 1439–42. 

Lu D, Wu S, Gao X, Zhang Y, Shan L, He P. 2010. A receptor-like cytoplasmic kinase, 

BIK1, associates with a flagellin receptor complex to initiate plant innate immunity. 

Proceedings of the National Academy of Sciences of the United States of America (PNAS) 107: 

496–501.  

Lucas M, Guédon Y, Jay-Allemand C, Godin C, Laplaze L. 2008. An auxin transport-

based model of root branching in Arabidopsis thaliana. PloS One 3: e3673. 

Lucas WJ, Groover A, Lichtenberger R, Furuta K, Yadav S-R, Helariutta Y, He X-Q, 
Fukuda H, Kang J, Brady SM, et al. 2013. The plant vascular system: evolution, 

development and functions. Journal of Integrative Plant Biology 55: 294–388. 

Lugtenberg B, Kamilova F. 2009. Plant-growth-promoting rhizobacteria. Annual Review of 

Microbiology 63: 541–56. 

Luna E, Pastor V, Robert J, Flors V, Mauch-Mani B, Ton J. 2011. Callose deposition: a 

multifaceted plant defense response. Molecular Plant-Microbe Interactions (MPMI) 24: 183–

93. 

Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S, Tremblay J, 
Engelbrektson A, Kunin V, del Rio TG, et al. 2012. Defining the core Arabidopsis thaliana 

root microbiome. Nature 488: 86–90. 

Lundin A, Bok CM, Aronsson L, Björkholm B, Gustafsson J-A, Pott S, Arulampalam V, 
Hibberd M, Rafter J, Pettersson S. 2008. Gut flora, Toll-like receptors and nuclear 

receptors: a tripartite communication that tunes innate immunity in large intestine. Cellular 

Microbiology 10: 1093–103. 

Macho AP, Zipfel C. 2014. Plant PRRs and the activation of innate immune signaling. 

Molecular Cell 54: 263–72. 

Macho AP, Zipfel C. 2015. Targeting of plant pattern recognition receptor-triggered 

immunity by bacterial type-III secretion system effectors. Current Opinion Microbiology 23: 

14–22. 

Mähönen AP, Bonke M, Kauppinen L, Riikonen M, Benfey PN, Helariutta Y. 2000. A 

novel two-component hybrid molecule regulates vascular morphogenesis of the Arabidopsis 

root. Genes & Development 14: 2938–43. 

Maillard P V, Ciaudo C, Marchais A, Li Y, Jay F, Ding SW, Voinnet O. 2013. Antiviral 

RNA interference in mammalian cells. Science 342: 235–238. 



LITERATURE 

 

– 190 – 

 

Maischak H, Grigoriev PA, Vogel H, Boland W, Mithöfer A. 2007. Oral secretions from 

herbivorous lepidopteran larvae exhibit ion channel-forming activities. FEBS Letters 581: 

898–904. 

Manosalva P, Manohar M, von Reuss SH, Chen S, Koch A, Kaplan F, Choe A, Micikas 
RJ, Wang X, Kogel K-H, et al. 2015 Conserved nematode signalling molecules elicit plant 

defenses and pathogen resistance. Nature Communications 6: 7795. 

Mansilla C, SÁNchez F, Padgett HS, Pogue GP, Ponz F. 2009. Chimeras between Oilseed 

rape mosaic virus and Tobacco mosaic virus highlight the relevant role of the tobamoviral 

RdRp as pathogenicity determinant in several hosts. Molecular Plant Pathology 10: 59–68. 

Marmiroli N, Maestri E. 2014. Plant peptides in defense and signaling. Peptides 56: 30–44. 

Marti MC, Stancombe MA, Webb AA. 2013. Cell- and stimulus type-specific intracellular 

free Ca2+ signals in Arabidopsis. Plant Physiology 163: 625–634. 

Matsumoto M, Funami K, Tatematsu M, Azuma M, Seya T. 2014. Assessment of the Toll-

like receptor 3 pathway in endosomal signaling. Methods in Enzymology 535: 149–65.  

Mattinen L, Tshuikina M, Mäe A, Pirhonen M. 2004. Identification and characterization of 

Nip, necrosis-inducing virulence protein of Erwinia carotovora subsp. carotovora. Molecular 

Plant-Microbe Interactions (MPMI) 17: 1366–75. 

Matzinger P. 2002. The danger model: a renewed sense of self. Science 296: 301–5. 

Matzke M, Kanno T, Daxinger L, Huettel B, Matzke AJM. 2009. RNA-mediated 

chromatin-based silencing in plants. Current Opinion in Cell Biology 21: 367–76. 

McClure R, Massari P. 2014. TLR-dependent human mucosal epithelial cell responses to 

microbial pathogens. Frontiers in Immunology 5: 386. 

Medzhitov R. 2001. Toll-like receptors and innate immunity. Nature Reviews. Immunology 

1: 135–45. 

Medzhitov R, Janeway C. 2000. Innate immunity. New England Journal of Medicine 343: 

338–44. 

Meindl T, Boller T, Felix G. 2000. The bacterial elicitor flagellin activates its receptor in 

tomato cells according to the address-message concept. Plant Cell 12: 1783–94. 

Melan MA, Dong X, Endara ME, Davis KR, Ausubel FM, Peterman TK. 1993. An 

Arabidopsis thaliana lipoxygenase gene can be induced by pathogens, abscisic acid, and 

methyl jasmonate. Plant Physiology 101: 441–50. 

Melotto M, Underwood W, He SY. 2008. Role of stomata in plant innate immunity and foliar 

bacterial diseases. Annual Review of Phytopathology 46: 101–22. 

Melotto M, Underwood W, Koczan J, Nomura K, He SY. 2006. Plant stomata function in 

innate immunity against bacterial invasion. Cell 126: 969–80. 

Mendgen K, Hahn M. 2002. Plant infection and the establishment of fungal biotrophy. 

Trends in Plant Science 7: 352–356. 

Mersmann S, Bourdais G, Rietz S, Robatzek S. 2010. Ethylene signaling regulates 

accumulation of the FLS2 receptor and is required for the oxidative burst contributing to plant 

immunity. Plant Physiology 154: 391–400. 

Mes JJ, van Doorn AA, Wijbrandi J, Simons G, Cornelissen BJ, Haring MA. 2000. 

Expression of the fusarium resistance gene I-2 colocalizes with the site of fungal containment. 

Plant Jounal 23: 183–93. 



LITERATURE 

 

– 191 – 

 

Mesnage S, Dellarole M, Baxter NJ, Rouget J-B, Dimitrov JD, Wang N, Fujimoto Y, 
Hounslow AM, Lacroix-Desmazes S, Fukase K, et al. 2014. Molecular basis for bacterial 

peptidoglycan recognition by LysM domains. Nature Communications 5: 4269. 

Métraux J-P, Nawrath C, Genoud T. 2002. Systemic acquired resistance. Euphytica 124: 

237–243. 

Meyer A, Pühler A, Niehaus K. 2001. The lipopolysaccharides of the phytopathogen 

Xanthomonas campestris pv. campestris induce an oxidative burst reaction in cell cultures of 

Nicotiana tabacum. Planta 213: 214–22. 

Meziane H, VAN DER Sluis I, VAN Loon LC, Höfte M, Bakker PAHM. 2005. 

Determinants of Pseudomonas putida WCS358 involved in inducing systemic resistance in 

plants. Molecular Plant Pathology 6: 177–85. 

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, Dangl JL, Mittler R. 
2009. The plant NADPH oxidase RBOHD mediates rapid systemic signaling in response to 

diverse stimuli. Science Signaling 2: ra45. 

Millet YA, Danna CH, Clay NK, Songnuan W, Simon MD, Werck-Reichhart D, Ausubel 
FM. 2010. Innate immune responses activated in Arabidopsis roots by microbe-associated 

molecular patterns. Plant Cell 22: 973–90. 

Misas-Villamil JC, Kolodziejek I, Crabill E, Kaschani F, Niessen S, Shindo T, Kaiser M, 
Alfano JR, van der Hoorn R a L. 2013. Pseudomonas syringae pv. syringae uses proteasome 

inhibitor syringolin A to colonize from wound infection sites. PLoS Pathogens 9: e1003281. 

Misas-Villamil JC, Kolodziejek I, van der Hoorn RA. 2011. Pseudomonas syringae 

colonizes distant tissues in Nicotiana benthamiana through xylem vessels. Plant Journal 67: 

774-782. 

Mithöfer A, Boland W. 2008. Recognition of herbivory-associated molecular patterns. Plant 

Physiology 146: 825–31. 

Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, Narusaka Y, Kawakami 
N, Kaku H, Shibuya N. 2007. CERK1, a LysM receptor kinase, is essential for chitin elicitor 

signaling in Arabidopsis. Proceedings of the National Academy of Sciences of the United 

States of America (PNAS) 104: 19613–8. 

Mogensen TH. 2009. Pathogen recognition and inflammatory signaling in innate immune 

defenses. Clinical Microbiology Reviews 22: 240–73. 

Molinari S, Fanelli E, Leonetti P. 2014. Expression of tomato salicylic acid (SA)-responsive 

pathogenesis-related genes in Mi-1-mediated and SA-induced resistance to root-knot 

nematodes. Molecular Plant Pathology 15: 255–64. 

Moore JW, Loake GJ, Spoel SH. 2011. Transcription dynamics in plant immunity. Plant 

Cell 23: 2809–20. 

Morgan JAW, Bending GD, White PJ. 2005. Biological costs and benefits to plant-microbe 

interactions in the rhizosphere. Journal of Experimental Botany 56: 1729–39. 

Mousavi SAR, Chauvin A, Pascaud F, Kellenberger S, Farmer EE. 2013. GLUTAMATE 

RECEPTOR-LIKE genes mediate leaf-to-leaf wound signalling. Nature 500: 422–6. 

Mueller K, Bittel P, Chinchilla D, Jehle AK, Albert M, Boller T, Felix G. 2012a. Chimeric 

FLS2 receptors reveal the basis for differential flagellin perception in Arabidopsis and tomato. 

Plant Cell 24: 2213–24. 



LITERATURE 

 

– 192 – 

 

Mueller K, Chinchilla D, Albert M, Jehle AK, Kalbacher H, Boller T, Felix G. 2012b. 

Contamination risks in work with synthetic peptides: flg22 as an example of a pirate in 

commercial peptide preparations. Plant Cell 24: 3193–3197. 

Müller R, Bleckmann A, Simon R. 2008. The receptor kinase CORYNE of Arabidopsis 

transmits the stem cell-limiting signal CLAVATA3 independently of CLAVATA1. Plant Cell 

20: 934–46. 

Muller PY, Janovjak H, Miserez AR, Dobbie Z. 2002. Processing of gene expression data 

generated by quantitative real-time RT-PCR. BioTechniques 32: 1372–4, 1376, 1378–9. 

Mur LAJ, Kenton P, Atzorn R, Miersch O, Wasternack C. 2006. The outcomes of 

concentration-specific interactions between salicylate and jasmonate signaling include 

synergy, antagonism, and oxidative stress leading to cell death. Plant Physiology 140: 249–

62. 

Muzio M, Bosisio D, Polentarutti N, D’amico G, Stoppacciaro A, Mancinelli R, van’t 
Veer C, Penton-Rol G, Ruco LP, Allavena P, et al. 2000. Differential expression and 

regulation of toll-like receptors (TLR) in human leukocytes: selective expression of TLR3 in 

dendritic cells. Journal of Immunology 164: 5998–6004. 

Nahar K, Kyndt T, De Vleesschauwer D, Hofte M, Gheysen G, Höfte M, Gheysen G. 
2011. The jasmonate pathway is a key player in systemically induced defense against root knot 

nematodes in rice. Plant Physiology 157: 305–316. 

Nakahara KS, Masuta C, Yamada S, Shimura H, Kashihara Y, Wada TS, Meguro A, 
Goto K, Tadamura K, Sueda K, et al. 2012. Tobacco calmodulin-like protein provides 

secondary defense by binding to and directing degradation of virus RNA silencing 

suppressors. Proceedings of the National Academy of Sciences of the United States of America 

(PNAS) 109: 10113–10118. 

Nakashita H, Yasuda M, Nitta T, Asami T, Fujioka S, Arai Y, Sekimata K, Takatsuto S, 
Yamaguchi I, Yoshida S. 2003. Brassinosteroid functions in a broad range of disease 

resistance in tobacco and rice. Plant Journal 33: 887–98. 

Nam KH, Li J. 2002. BRI1/BAK1, a receptor kinase pair mediating brassinosteroid signaling. 

Cell 110: 203–212. 

Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M, Voinnet O, Jones JDG. 
2006. A plant miRNA contributes to antibacterial resistance by repressing auxin signaling. 

Science 312: 436–9. 

Navarro L, Jay F, Nomura K, He SY, Voinnet O. 2008. Suppression of the microRNA 

pathway by bacterial effector proteins. Science 321: 964–967. 

Navarro L, Zipfel C, Rowland O, Keller I, Robatzek S, Boller T, Jones JDG. 2004. The 

transcriptional innate immune response to flg22. Interplay and overlap with Avr gene-

dependent defense responses and bacterial pathogenesis. Plant Physiology 135: 1113–28. 

Nawrath C, Heck S, Parinthawong N, Métraux J-P. 2002. EDS5, an essential component 

of salicylic acid-dependent signaling for disease resistance in Arabidopsis, is a member of the 

MATE transporter family. Plant Cell 14: 275–86. 

Nelson RS. 2005. Plant viruses. Invaders of cells and pirates of cellular pathways. Plant 

Physiology 138: 1809–1814. 

Newman MA, Daniels MJ, Dow JM. 1995. Lipopolysaccharide from Xanthomonas 

campestris induces defense-related gene expression in Brassica campestris. Molecular Plant-

Microbe Interactions (MPMI) 8: 778–80. 



LITERATURE 

 

– 193 – 

 

Newman MA, Sundelin T, Nielsen JT, Erbs G. 2013. MAMP (microbe-associated 

molecular pattern) triggered immunity in plants. Frontiers in Plant Science 4: 139. 

Nicaise V. 2014. Crop immunity against viruses: outcomes and future challenges. Frontiers 

in Plant Science 5: 660. 

Niehl A, Amari K, Gereige D, Brandner K, Mély Y, Heinlein M. 2012. Control of Tobacco 

mosaic virus movement protein fate by CELL-DIVISION-CYCLE protein48. Plant 

Physiology 160: 2093–2108. 

Niehl A, Heinlein M. 2009. Impact of RNA virus infection on plant cell function and 

evolution. Annals of the New York Academy of Sciences 1178: 120–8. 

Niehl A, Zhang ZJ, Kuiper M, Peck SC, Heinlein M. 2013. Label-free quantitative 

proteomic analysis of systemic responses to local wounding and virus infection in Arabidopsis 

thaliana. Journal of Proteome Research 12: 2491–503. 

Nühse TS, Bottrill AR, Jones AME, Peck SC. 2007. Quantitative phosphoproteomic 

analysis of plasma membrane proteins reveals regulatory mechanisms of plant innate immune 

responses. The Plant Journal 51: 931–40. 

Nühse TS, Peck SC, Hirt H, Boller T. 2000. Microbial elicitors induce activation and dual 

phosphorylation of the Arabidopsis thaliana MAPK 6. Journal of Biological Chemistry 275: 

7521–6. 

Nürnberger T, Nennstiel D, Jabs T, Sacks WR, Hahlbrock K, Scheel D. 1994. High 

affinity binding of a fungal oligopeptide elicitor to parsley plasma membranes triggers 

multiple defense responses. Cell 78: 449–460. 

O’Brien J, Daudi A, Butt V, Paul Bolwell G. 2012. Reactive oxygen species and their role 

in plant defence and cell wall metabolism. Planta 236: 765–779. 

Oetiker J, Olson D, Shiu O, Yang S. 1997. Differential induction of seven 1-

aminocyclopropane-1-carboxylate synthase genes by elicitor in suspension cultures of tomato 

(Lycopersicon esculentum). Plant Molecular Biology 34: 275–286. 

Okada M, Matsumura M, Ito Y, Shibuya N. 2002. High-affinity binding proteins for N-

acetylchitooligosaccharide elicitor in the plasma membranes from wheat, barley and carrot 

cells: conserved presence and correlation with the responsiveness to the elicitor. Plant & Cell 

Physiology 43: 505–12. 

Okada K, Shimura Y. 1990. Reversible root tip rotation in Arabidopsis seedlings induced by 

obstacle-touching stimulus. Science 250: 274–6. 

Okubara PA, Paulitz TC. 2005. Root defense responses to fungal pathogens: A molecular 

perspective. Plant and Soil: 215–226. 

Oome S, Raaymakers TM, Cabral A, Samwel S, Böhm H, Albert I, Nürnberger T, Van 
den Ackerveken G. 2014. Nep1-like proteins from three kingdoms of life act as a microbe-

associated molecular pattern in Arabidopsis. Proceedings of the National Academy of Sciences 

of the United States of America (PNAS) 111: 16955–60. 

Ori N, Eshed Y, Paran I, Presting G, Aviv D, Tanksley S, Zamir D, Fluhr R. 1997. The 

I2C family from the wilt disease resistance locus I2 belongs to the nucleotide binding, leucine-

rich repeat superfamily of plant resistance genes. Plant Cell 9: 521–32. 

Padmanabhan MS, Dinesh-Kumar SP. 2014. The conformational and subcellular 

compartmental dance of plant NLRs during viral recognition and defense signaling. Current 

Opinion in Microbiology 20: 55–61. 



LITERATURE 

 

– 194 – 

 

Panstruga R, Dodds PN. 2009. Terrific protein traffic: the mystery of effector protein 

delivery by filamentous plant pathogens. Science 324: 748–50. 

Pant BD, Buhtz A, Kehr J, Scheible W-R. 2008. MicroRNA399 is a long-distance signal 

for the regulation of plant phosphate homeostasis. Plant Journal 53: 731–8. 

Parniske M. 2008. Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nature 

Reviews. Microbiology 6: 763–75. 

Pearce G, Strydom D, Johnson S, Ryan CA. 1991. A polypeptide from tomato leaves 

induces wound-inducible proteinase inhibitor proteins. Science 253: 895–7. 

Pedrotti L, Mueller MJ, Waller F. 2013. Piriformospora indica root colonization triggers 

local and systemic root responses and inhibits secondary colonization of distal roots. PloS One 

8: e69352. 

Peisley A, Hur S. 2013. Multi-level regulation of cellular recognition of viral dsRNA. 

Cellular and Molecular Life Sciences 70: 1949–63. 

Pel MJC, Pieterse CMJ. 2013. Microbial recognition and evasion of host immunity. Journal 

of Experimental Botany 64: 1237–48. 

Peng K-C, Wang C-W, Wu C-H, Huang C-T, Liou R-F. 2015. Tomato SOBIR1/EVR 

homologs are involved in elicitin perception and plant defense against the oomycete pathogen 

Phytophthora parasitica. Molecular Plant-Microbe Interactions (MPMI): 12140405R. 

Pereira CS, Ribeiro JML, Vatulescu AD, Findlay K, MacDougall AJ, Jackson PAP. 
2011. Extensin network formation in Vitis vinifera callus cells is an essential and causal event 

in rapid and H2O2-induced reduction in primary cell wall hydration. BMC Plant Biology 11: 

106. 

Petutschnig EK, Jones AME, Serazetdinova L, Lipka U, Lipka V. 2010. The lysin motif 

receptor-like kinase (LysM-RLK) CERK1 is a major chitin-binding protein in Arabidopsis 

thaliana and subject to chitin-induced phosphorylation. Journal of Biological Chemistry 285: 

28902–11. 

Pfund C, Tans-Kersten J, Dunning FM, Alonso JM, Ecker JR, Allen C, Bent AF. 2004. 

Flagellin is not a major defense elicitor in Ralstonia solanacearum cells or extracts applied to 

Arabidopsis thaliana. Molecular Plant-Microbe Interactions (MPMI) 17: 696–706. 

Pieterse CMJ. 1998. A novel signaling pathway controlling induced systemic resistance in 

Arabidopsis. Plant Cell 10: 1571–1580. 

Pieterse CMJ, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees SCM. 2012. 

Hormonal modulation of plant immunity. Annual Review of Cell & Developmental Biology 

28: 489–521. 

Pieterse CMJ, Leon-Reyes A, Van der Ent S, Van Wees SCM. 2009. Networking by small-

molecule hormones in plant immunity. Nature Chemical Biology 5: 308–16. 

Pieterse CMJ, Van Pelt JA, Ton J, Parchmann S, Mueller MJ, Buchala AJ, Métraux J-
P, Van Loon LC. 2000. Rhizobacteria-mediated induced systemic resistance (ISR) in 

Arabidopsis requires sensitivity to jasmonate and ethylene but is not accompanied by an 

increase in their production. Physiological and Molecular Plant Pathology 57: 123–134. 

Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Van Wees SCM, Bakker 
PAHM. 2014. Induced systemic resistance by beneficial microbes. Annual Review of 

Phytopathology 52: 347–75. 



LITERATURE 

 

– 195 – 

 

Plancot B, Santaella C, Jaber R, Kiefer-Meyer MC, Follet-Gueye M-L, Leprince J, 
Gattin I, Souc C, Driouich A, Vicré-Gibouin M. 2013. Deciphering the responses of root 

border-like cells of Arabidopsis and flax to pathogen-derived elicitors. Plant Physiology 163: 

1584–97. 

Plett JM, Kemppainen M, Kale SD, Kohler A, Legué V, Brun A, Tyler BM, Pardo AG, 
Martin F. 2011. A secreted effector protein of Laccaria bicolor is required for symbiosis 

development. Current Biology 21: 1197–203. 

Plett JM, Khachane A, Ouassou M, Sundberg B, Kohler A, Martin F. 2014. Ethylene and 

jasmonic acid act as negative modulators during mutualistic symbiosis between Laccaria 

bicolor and Populus roots. New Phytologist 202: 270–86. 

Pozo MJ, Azcón-Aguilar C. 2007. Unraveling mycorrhiza-induced resistance. Current 

Opinion in Plant Biology 10: 393–8. 

Preston GM. 2000. Pseudomonas syringae pv. tomato: The right pathogen, of the right plant, 

at the right time. Molecular Plant Pathology 1: 263–275. 

Pumplin N, Voinnet O. 2013. RNA silencing suppression by plant pathogens: defence, 

counter-defence and counter-counter-defence. Nature Reviews. Microbiology 11: 745–60. 

Qi R, Singh D, Kao CC. 2012. Proteolytic processing regulates Toll-like receptor 3 stability 

and endosomal localization. Journal of Biological Chemistry 287: 32617–29. 

Quentin M, Hewezi T, Damiani I, Abad P, Baum T, Favery B. 2012. How pathogens affect 

root structure. Root Genomics and Soil Interactions. Blackwell Publishing Ltd., 189–210. 

Rairdan G, Moffett P. 2007. Brothers in arms? Common and contrasting themes in pathogen 

perception by plant NB-LRR and animal NACHT-LRR proteins. Microbes and Infection / 

Institut Pasteur 9: 677–86. 

Ramírez-Puebla ST, Servín-Garcidueñas LE, Jiménez-Marín B, Bolaños LM, 
Rosenblueth M, Martínez J, Rogel MA, Ormeño-Orrillo E, Martínez-Romero E. 2013. 

Gut and root microbiota commonalities. Applied and Environmental Microbiology 79: 2–9. 

Ramonell KM, Zhang B, Ewing RM, Chen Y, Xu D, Stacey G, Somerville S. 2002. 

Microarray analysis of chitin elicitation in Arabidopsis thaliana. Molecular Plant Pathology 

3: 301–11. 

Ranf S, Eschen-Lippold L, Pecher P, Lee J, Scheel D. 2011. Interplay between calcium 

signalling and early signalling elements during defence responses to microbe- or damage-

associated molecular patterns. Plant Journal 68: 100–13. 

Ranf S, Gisch N, Schäffer M, Illig T, Westphal L, Knirel YA, Sánchez-Carballo PM, 
Zähringer U, Hückelhoven R, Lee J, et al. 2015. A lectin S-domain receptor kinase mediates 

lipopolysaccharide sensing in Arabidopsis thaliana. Nature Reviews. Immunology 16: 426–

433. 

Ranf S, Wunnenberg P, Lee J, Becker D, Dunkel M, Hedrich R, Scheel D, Dietrich P. 
2008. Loss of the vacuolar cation channel, AtTPC1, does not impair Ca2+ signals induced by 

abiotic and biotic stresses. Plant Journal 53: 287-299. 

Rasmann S, Agrawal AA. 2008. In defense of roots: a research agenda for studying plant 

resistance to belowground herbivory. Plant Physiology 146: 875–80. 

Rasmann S, Erwin AC, Halitschke R, Agrawal AA. 2011. Direct and indirect root defences 

of milkweed (Asclepias syriaca): trophic cascades, trade-offs and novel methods for studying 

subterranean herbivory. Journal of Ecology 99: 16–25. 



LITERATURE 

 

– 196 – 

 

Rasmussen MW, Roux M, Petersen M, Mundy J. 2012. MAP kinase cascades in 

Arabidopsis innate immunity. Frontiers in Plant Science 3: 169. 

Rathinam VAK, Fitzgerald KA. 2011. Innate immune sensing of DNA viruses. Virology 

411: 153–62. 

Reece JB, Campbell NA. 2011. In: Cummings B. eds. Campbell biology. Boston.   

Rep M, Dekker HL, Vossen JH, de Boer AD, Houterman PM, Speijer D, Back JW, de 
Koster CG, Cornelissen BJC. 2002. Mass spectrometric identification of isoforms of PR 

proteins in xylem sap of fungus-infected tomato. Plant Physiology 130: 904–17. 

Ribeiro JM, Pereira CS, Soares NC, Vieira AM, Feijó JA, Jackson PA. 2006. The 

contribution of extensin network formation to rapid, hydrogen peroxide-mediated increases in 

grapevine callus wall resistance to fungal lytic enzymes. Journal of Experimental Botany 57: 

2025–35. 

Ride JP, Pearce RB. 1979. Lignification and papilla formation at sites of attempted 

penetration of wheat leaves by non-pathogenic fungi. Physiological Plant Pathology 15: 79–

92. 

Rivas S, Thomas CM. 2005. Molecular interactions between tomato and the leaf mold 

pathogen Cladosporium fulvum. Annual Review of Phytopathology 43: 395–436. 

Robatzek S, Bittel P, Chinchilla D, Köchner P, Felix G, Shiu S-H, Boller T. 2007. 

Molecular identification and characterization of the tomato flagellin receptor LeFLS2, an 

orthologue of Arabidopsis FLS2 exhibiting characteristically different perception specificities. 

Plant Molecular Biology 64: 539–47. 

Robatzek S, Chinchilla D, Boller T. 2006. Ligand-induced endocytosis of the pattern 

recognition receptor FLS2 in Arabidopsis. Genes & Development 20: 537–42. 

Robatzek S, Wirthmueller L. 2013. Mapping FLS2 function to structure: LRRs, kinase and 

its working bits. Protoplasma 250: 671–81. 

Roberts FM. 1950. The infection of plants by viruses through roots. Annals of Applied 

Biology 37: 385–396. 

Robert-Seilaniantz A, Navarro L, Bari R, Jones JDG. 2007. Pathological hormone 

imbalances. Current Opinion in Plant Biology 10: 372–9. 

Romero-Brey I, Bartenschlager R. 2014. Membranous replication factories induced by plus-

strand RNA viruses. Viruses 6: 2826–2857. 

Ron M, Avni A. 2004. The receptor for the fungal elicitor ethylene-inducing xylanase is a 

member of a resistance-like gene family in tomato. Plant Cell 16: 1604–15. 

Rotblat B, Enshell-Seijffers D, Gershoni JM, Schuster S, Avni A. 2002. Identification of 

an essential component of the elicitation active site of the EIX protein elicitor. Plant Journal 

32: 1049–1055. 

Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N, Malinovsky FG, 
Tör M, de Vries S, Zipfel C. 2011. The Arabidopsis leucine-rich repeat receptor-like kinases 

BAK1/SERK3 and BKK1/SERK4 are required for innate immunity to hemibiotrophic and 

biotrophic pathogens. Plant Cell 23: 2440–55. 

Ruiz-Ferrer V, Voinnet O. 2009. Roles of plant small RNAs in biotic stress responses. 

Annual Review of Plant Biology 60: 485–510. 



LITERATURE 

 

– 197 – 

 

Ruzicka K, Ljung K, Vanneste S, Podhorska R, Beeckman T, Friml J, Benkova E. 2007. 

Ethylene regulates root growth through effects on auxin biosynthesis and transport-dependent 

auxin distribution. Plant Cell 19: 2197–2212. 

Ryan CA, Pearce G. 2003. Systemins: a functionally defined family of peptide signals that 

regulate defensive genes in Solanaceae species. Proceedings of the National Academy of 

Sciences of the United States of America (PNAS) 100 14577–80. 

Ryan CA, Pearce G, Scheer J, Moura DS. 2002. Polypeptide hormones. Plant Cell 14 S251–

64. 

Salvador-Recatalà V, Tjallingii WF, Farmer EE. 2014. Real-time, in vivo intracellular 

recordings of caterpillar-induced depolarization waves in sieve elements using aphid 

electrodes. New Phytologist 203: 674–684. 

Santiago J, Henzler C, Hothorn M. 2013. Molecular mechanism for plant steroid receptor 

activation by somatic embryogenesis co-receptor kinases. Science 341: 889–92. 

Sargent L, Huang SZ, Rolfe BG, Djordjevic MA. 1987. Split-root assays using Trifolium 

subterraneum show that rhizobium infection induces a systemic response that can inhibit 

nodulation of another invasive rhizobium strain. Applied and Environmental Microbiology 53: 

1611–9. 

Savatin DV, Ferrari S, Sicilia F, De Lorenzo G. 2011. Oligogalacturonide-auxin antagonism 

does not require posttranscriptional gene silencing or stabilization of auxin response repressors 

in Arabidopsis. Plant Physiology 157: 1163–1174. 

Sawinski K, Mersmann S, Robatzek S, Böhmer M. 2013. Guarding the green: pathways to 

stomatal immunity. Molecular Plant-Microbe Interactions (MPMI) 26: 626–32. 

Schachtman DP, Goodger JQD. 2008. Chemical root to shoot signaling under drought. 

Trends in Plant Science 13: 281–7. 

Schaller A, Stintzi A. 2008. Jasmonate biosynthesis and signaling for induced plant defense 

against herbivory. In: Schaller A, eds. Induced plant resistance to herbivory. Springer 

Netherlands, 349–366. 

Schellenberg B, Ramel C, Dudler R. 2010. Pseudomonas syringae virulence factor 

syringolin A counteracts stomatal immunity by proteasome inhibition. Molecular Plant-

Microbe Interactions (MPMI) 23: 1287–1293. 

Schenk PM, Kazan K, Wilson I, Anderson JP, Richmond T, Somerville SC, Manners 
JM. 2000. Coordinated plant defense responses in Arabidopsis revealed by microarray 

analysis. Proceedings of the National Academy of Sciences of the United States of America 

(PNAS) 97: 11655–60. 

Schenke D, Böttcher C, Scheel D. 2011. Crosstalk between abiotic ultraviolet-B stress and 

biotic (flg22) stress signalling in Arabidopsis prevents flavonol accumulation in favor of 

pathogen defence compound production. Plant, Cell & Environment 34: 1849–64. 

Schilmiller AL, Howe GA. 2005. Systemic signaling in the wound response. Current Opinion 

in Plant Biology 8: 369–77. 

Schmelz EA, Carroll MJ, LeClere S, Phipps SM, Meredith J, Chourey PS, Alborn HT, 
Teal PEA. 2006. Fragments of ATP synthase mediate plant perception of insect attack. 

Proceedings of the National Academy of Sciences of the United States of America (PNAS) 103: 

8894–9. 

Schmidt EL. 1979. Initiation of plant root-microbe interactions. Annual Review of 

Microbiology 33: 355–76. 



LITERATURE 

 

– 198 – 

 

Schoonbeek H, Wang H-H, Stefanato FL, Craze M, Bowden S, Wallington E, Zipfel C, 
Ridout CJ. 2015. Arabidopsis EF-Tu receptor enhances bacterial disease resistance in 

transgenic wheat. New Phytologist 206: 606–13. 

Schulze B, Mentzel T, Jehle AK, Mueller K, Beeler S, Boller T, Felix G, Chinchilla D. 
2010. Rapid heteromerization and phosphorylation of ligand-activated plant transmembrane 

receptors and their associated kinase BAK1. Journal of Biological Chemistry 285: 9444–51. 

Schweizer P, Felix G, Buchala A, Muller C, Metraux J-P. 1996a. Perception of free cutin 

monomers by plant cells. Plant Journal 10: 331–341. 

Schweizer P, Jeanguenat A, Mösinger E, Métraux J-P. 1994. Plant protection by free cutin 

monomers in two cereal pathosystems. In: Daniels M, Downie JA, Osbourn A, eds. Current 

plant science and biotechnology in agriculture. Advances in molecular genetics of plant-

microbe interactions. Springer Netherlands, 371–374. 

Schweizer P, Jeanguenat A, Whitacre D, Métraux J-P, Mösinge E. 1996b. Induction of 

resistance in barley against Erysiphe graminis f.sp. hordeiby free cutin monomers. 

Physiological and Molecular Plant Pathology 49: 103–120. 

Schwessinger B, Ronald PC. 2012. Plant innate immunity: perception of conserved microbial 

signatures. Annual Review of Plant Biology 63: 451–82. 

Schwessinger B, Roux M, Kadota Y, Ntoukakis V, Sklenar J, Jones A, Zipfel C. 2011. 

Phosphorylation-dependent differential regulation of plant growth, cell death, and innate 

immunity by the regulatory receptor-like kinase BAK1. PLoS Genetics 7: e1002046. 

Segal G, Sarfatti M, Schaffer MA, Ori N, Zamir D, Fluhr R. 1992. Correlation of genetic 

and physical structure in the region surrounding the I2 Fusarium oxysporum resistance locus 

in tomato. Molecular & General Genetics 231: 179–85. 

Séjalon-Delmas N, Mateos F V, Bottin A, Rickauer M, Dargent R, Esquerré-Tugayé MT. 
1997. Purification, elicitor activity, and cell wall localization of a glycoprotein from 

Phytophthora parasitica var. nicotianae, a fungal pathogen of tobacco. Phytopathology 87: 

899–909. 

Selosse M-A, Bessis A, Pozo MJ. 2014. Microbial priming of plant and animal immunity: 

symbionts as developmental signals. Trends in Microbiology 22: 607–613. 

Shah J. 2009. Plants under attack: systemic signals in defence. Current Opinion in Plant 

Biology 12: 459–64. 

Shan L, He P, Li J, Heese A, Peck SC, Nürnberger T, Martin GB, Sheen J. 2008. Bacterial 

effectors target the common signaling partner BAK1 to disrupt multiple MAMP receptor-

signaling complexes and impede plant immunity. Cell Host & Microbe 4: 17–27. 

Sharfman M, Bar M, Ehrlich M, Schuster S, Melech-Bonfil S, Ezer R, Sessa G, Avni A. 
2011. Endosomal signaling of the tomato leucine-rich repeat receptor-like protein LeEix2. 

Plant Journal 68: 413–23. 

Shibuya N, Kaku H, Kuchitsu K, Maliarik MJ. 1993. Identification of a novel high-affinity 

binding site for N-acetylchitooligosaccharide elicitor in the membrane fraction from 

suspension-cultured rice cells. FEBS Letters 329: 75–8. 

Shibuya N, Minami E. 2001. Oligosaccharide signalling for defence responses in plant. 

Physiological and Molecular Plant Pathology 59: 223–233. 

 



LITERATURE 

 

– 199 – 

 

Shimizu N, Ishida T, Yamada M, Shigenobu S, Tabata R, Kinoshita A, Yamaguchi K, 
Hasebe M, Mitsumasu K, Sawa S. 2015. BAM 1 and RECEPTOR-LIKE PROTEIN 

KINASE 2 constitute a signaling pathway and modulate CLE peptide-triggered growth 

inhibition in Arabidopsis root. New Phytologist: doi: 10.1111/nph.13520. 

Shimizu T, Nakano T, Takamizawa D, Desaki Y, Ishii-Minami N, Nishizawa Y, Minami 
E, Okada K, Yamane H, Kaku H, et al. 2010. Two LysM receptor molecules, CEBiP and 

OsCERK1, cooperatively regulate chitin elicitor signaling in rice. Plant Journal 64: 204–14. 

Shiu SH, Bleecker AB. 2001. Plant receptor-like kinase gene family: diversity, function, and 

signaling. Science Signaling 2001: re22. 

Shiu SH, Bleecker AB. 2003. Expansion of the receptor-like kinase/Pelle gene family and 

receptor-like proteins in Arabidopsis. Plant Physiology 132: 530–43. 

Shiu SH, Karlowski WM, Pan R, Tzeng Y-H, Mayer KFX, Li W-H. 2004. Comparative 

analysis of the receptor-like kinase family in Arabidopsis and rice. Plant Cell 16: 1220–34. 

Shivaprasad P V, Chen H-M, Patel K, Bond DM, Santos BACM, Baulcombe DC. 2012. 

A microRNA superfamily regulates nucleotide binding site–leucine-rich repeats and other 

mRNAs. Plant Cell 24: 859–874. 

Shoresh M, Harman GE, Mastouri F. 2010. Induced systemic resistance and plant responses 

to fungal biocontrol agents. Annual Review of Phytopathology 48: 21–43. 

Singh BK, Millard P, Whiteley AS, Murrell JC. 2004. Unravelling rhizosphere-microbial 

interactions: opportunities and limitations. Trends in Microbiology 12: 386–93. 

Singh DP, Singh A (2005) Disease and insect resistance in plants. Science Publishers 

Smith KD, Andersen-Nissen E, Hayashi F, Strobe K, Bergman MA, Barrett SLR, 
Cookson BT, Aderem A. 2003. Toll-like receptor 5 recognizes a conserved site on flagellin 

required for protofilament formation and bacterial motility. Nature Immunology 4: 1247–53. 

Smith JM, Salamango DJ, Leslie ME, Collins C a, Heese A. 2014. Sensitivity to flg22 is 

modulated by ligand-induced degradation and de novo synthesis of the endogenous flagellin-

receptor FLAGELLIN-SENSING2. Plant Physiology 164: 440–54. 

Spanu P, Grosskopf DG, Felix G, Boller T. 1994. The apparent turnover of 1-

aminocyclopropane-1-carboxylate synthase in tomato cells is regulated by protein 

phosphorylation and dephosphorylation. Plant Physiology 106: 529–535. 

Steitz TA. 2008. A structural understanding of the dynamic ribosome machine. Nature 

Reviews. Molecular Cell Biology 9: 242–53. 

Stingl U, Radek R, Yang H, Brune A. 2005. ‘Endomicrobia’: cytoplasmic symbionts of 

termite gut protozoa form a separate phylum of prokaryotes. Applied and Environmental 

Microbiology 71: 1473–9. 

Su WW, Guan P, Bugos RC. 2004. High-level secretion of functional green fluorescent 

protein from transgenic tobacco cell cultures: characterization and sensing. Biotechnology and 

Bioengineering 85: 610–9. 

Suárez-López P. 2005. Long-range signalling in plant reproductive development. The 

International Journal of Developmental Biology 49: 761–71. 

Suarez-Rodriguez MC, Adams-Phillips L, Liu Y, Wang H, Su S-H, Jester PJ, Zhang S, 
Bent AF, Krysan PJ. 2007. MEKK1 is required for flg22-induced MPK4 activation in 

Arabidopsis plants. Plant Physiology 143: 661–9. 



LITERATURE 

 

– 200 – 

 

Subramanian S, Cho U-H, Keyes C, Yu O. 2009. Distinct changes in soybean xylem sap 

proteome in response to pathogenic and symbiotic microbe interactions. BMC Plant Biology 

9: 119. 

Sun Y, Han Z, Tang J, Hu Z, Chai C, Zhou B, Chai J. 2013a. Structure reveals that BAK1 

as a co-receptor recognizes the BRI1-bound brassinolide. Cell Research 23: 1326–9. 

Sun Y, Li L, Macho AP, Han Z, Hu Z, Zipfel C, Zhou J-M, Chai J. 2013b. Structural basis 

for flg22-induced activation of the Arabidopsis FLS2-BAK1 immune complex. Science 342: 

624–8. 

Sun W, Cao Y, Jansen Labby K, Bittel P, Boller T, Bent AF. 2012. Probing the Arabidopsis 

flagellin receptor: FLS2-FLS2 association and the contributions of specific domains to 

signaling function. Plant Cell 24: 1096–113. 

Sun W, Dunning FM, Pfund C, Weingarten R, Bent AF. 2006. Within-species flagellin 

polymorphism in Xanthomonas campestris pv campestris and its impact on elicitation of 

Arabidopsis FLAGELLIN SENSING2-dependent defenses. Plant Cell 18: 764–79. 

Szittya G, Burgyán J. 2013. RNA interference-mediated intrinsic antiviral immunity in 

plants. Current Topics in Microbiology and Immunology 371: 153–81. 

Tabata R, Sumida K, Yoshii T, Ohyama K, Shinohara H, Matsubayashi Y. 2014. 

Perception of root-derived peptides by shoot LRR-RKs mediates systemic N-demand 

signaling. Science 346: 343–6. 

Tachu B, Pillai S, Lucius R, Pogonka T. 2008. Essential role of chitinase in the development 

of the filarial nematode Acanthocheilonema viteae. Infection and Immunity 76: 221–8. 

Taguchi F, Shibata S, Suzuki T, Ogawa Y, Aizawa S-I, Takeuchi K, Ichinose Y. 2008. 

Effects of glycosylation on swimming ability and flagellar polymorphic transformation in 

Pseudomonas syringae pv. tabaci 6605. Journal of Bacteriology 190: 764–8. 

Takahashi H. 1997. Gravimorphogenesis: gravity-regulated formation of the peg in cucumber 

seedlings. Planta 203: S164–9. 

Takai R, Isogai A, Takayama S, Che F-S. 2008. Analysis of flagellin perception mediated 

by flg22 receptor OsFLS2 in rice. Molecular Plant-Microbe Interactions (MPMI) 21: 1635–

42.  

Tanaka K, Choi J, Cao Y, Stacey G. 2014a. Extracellular ATP acts as a damage-associated 

molecular pattern (DAMP) signal in plants. Frontiers in Plant Science 5: 446. 

Tanaka S, Brefort T, Neidig N, Djamei A, Kahnt J, Vermerris W, Koenig S, Feussner K, 
Feussner I, Kahmann R. 2014b. A secreted Ustilago maydis effector promotes virulence by 

targeting anthocyanin biosynthesis in maize. Elife 3: e01355. 

Tateda C, Zhang Z, Shrestha J, Jelenska J, Chinchilla D, Greenberg JT. 2014. Salicylic 

acid regulates Arabidopsis microbial pattern receptor kinase levels and signaling. Plant Cell: 

26: 4171–4187. 

Terasaka K, Blakeslee J. 2005. PGP4, an ATP binding cassette P-glycoprotein, catalyzes 

auxin transport in Arabidopsis thaliana roots. Plant Cell 17: 2922–2939. 

Thatcher LF, Manners JM, Kazan K. 2009. Fusarium oxysporum hijacks COI1-mediated 

jasmonate signaling to promote disease development in Arabidopsis. Plant Journal 58: 927–

39. 

Thivierge K. 2005. Plant virus RNAs. Coordinated recruitment of conserved host functions 

by (+) ssRNA viruses during early infection events. Plant Physiology 138: 1822–1827. 



LITERATURE 

 

– 201 – 

 

Thordal-Christensen H. 2003. Fresh insights into processes of nonhost resistance. Current 

Opinion in Plant Biology 6: 351–7. 

Tobimatsu Y, Wagner A, Donaldson L, Mitra P, Niculaes C, Dima O, Kim JI, Anderson 
N, Loque D, Boerjan W, et al. 2013. Visualization of plant cell wall lignification using 

fluorescence-tagged monolignols. Plant Journal 76: 357–66. 

Tognolli M, Penel C, Greppin H, Simon P. 2002. Analysis and expression of the class III 

peroxidase large gene family in Arabidopsis thaliana. Gene 288: 129–138. 

Ton J, Flors V, Mauch-Mani B. 2009. The multifaceted role of ABA in disease resistance. 

Trends in Plant Science 14: 310–7. 

Tör M, Lotze MT, Holton N. 2009. Receptor-mediated signalling in plants: molecular 

patterns and programmes. Journal of Experimental Botany 60: 3645–54. 

Torres MA, Dangl JL, Jones JDG. 2002. Arabidopsis gp91phox homologues AtrbohD and 

AtrbohF are required for accumulation of reactive oxygen intermediates in the plant defense 

response. Proceedings of the National Academy of Sciences of the United States of America 

(PNAS) 99: 517–22. 

Torres MA, Jones JDG, Dangl JL. 2006. Reactive oxygen species signaling in response to 

pathogens. Plant Physiology 141: 373–8. 

Tóth K, Stacey G. 2015. Does plant immunity play a critical role during initiation of the 

legume-rhizobium symbiosis? Frontiers in Plant Science 6: doi: 10.3389/fpls.2015.00401. 

Trdá L, Boutrot F, Claverie J, Brulé D, Dorey S, Poinssot B. 2015. Perception of 

pathogenic or beneficial bacteria and their evasion of host immunity: pattern recognition 

receptors in the frontline. Frontiers in Plant Science 6: doi: 10.3389/fpls.2015.00219. 

Trdá L, Fernandez O, Boutrot F, Héloir M-C, Kelloniemi J, Daire X, Adrian M, Clément 
C, Zipfel C, Dorey S, et al. 2014. The grapevine flagellin receptor VvFLS2 differentially 

recognizes flagellin-derived epitopes from the endophytic growth-promoting bacterium 

Burkholderia phytofirmans and plant pathogenic bacteria. New Phytologist 201: 1371–84. 

Truitt CL, Wei H-X, Paré PW. 2004. A plasma membrane protein from Zea mays binds with 

the herbivore elicitor volicitin. Plant Cell 16: 523–32. 

Truman W, de Zabala MT, Grant M. 2006. Type III effectors orchestrate a complex 

interplay between transcriptional networks to modify basal defence responses during 

pathogenesis and resistance. Plant Journal 46: 14–33. 

Tsuda K, Katagiri F. 2010. Comparing signaling mechanisms engaged in pattern-triggered 

and effector-triggered immunity. Current Opinion in Plant Biology 13: 459–65. 

Turlings TCJ, Hiltpold I, Rasmann S. 2012. The importance of root-produced volatiles as 

foraging cues for entomopathogenic nematodes. Plant and Soil 358: 51–60. 

Turlings TCJ, McCall PJ, Alborn HT, Tumlinson JH. 1993. An elicitor in caterpillar oral 

secretions that induces corn seedlings to emit chemical signals attractive to parasitic wasps. 

Journal of Chemical Ecology 19: 411–25. 

Turner JG, Ellis C, Devoto A. 2002. The jasmonate signal pathway. Plant Cell 14: S153–

164. 

Tuzun S, Kuć J. 1985. Movement of a factor in tobacco infected with Peronospora tabacina 

Adam which systemically protects against blue mold. Physiological Plant Pathology 26: 321–

330. 



LITERATURE 

 

– 202 – 

 

Tyler BM. 2007. Phytophthora sojae: root rot pathogen of soybean and model oomycete. 

Molecular Plant Pathology 8: 1–8. 

Tyler HL, Triplett EW. 2008. Plants as a habitat for beneficial and/or human pathogenic 

bacteria. Annual Review of Phytopathology 46: 53–73. 

Uknes S, Mauch-Mani B, Moyer M, Potter S, Williams S, Dincher S, Chandler D, 
Slusarenko A, Ward E, Ryals J. 1992. Acquired resistance in Arabidopsis. Plant Cell 4: 

645–56. 

Umemoto N, Kakitani M, Iwamatsu A, Yoshikawa M, Yamaoka N, Ishida I. 1997. The 

structure and function of a soybean beta-glucan-elicitor-binding protein. Proceedings of the 

National Academy of Sciences of the United States of America (PNAS) 94: 1029–34. 

Umemura K, Ogawa N, Koga J, Iwata M, Usami H. 2002. Elicitor activity of cerebroside, 

a sphingolipid elicitor, in cell suspension cultures of rice. Plant & Cell Physiology 43: 778–

84. 

Umemura K, Ogawa N, Yamauchi T, Iwata M, Shimura M, Koga J. 2000. Cerebroside 

elicitors found in diverse phytopathogens sctivate fefense tesponses in tice plants. Plant and 

Cell Physiology 41: 676–683. 

Underwood W, Somerville SC. 2013. Perception of conserved pathogen elicitors at the 

plasma membrane leads to relocalization of the Arabidopsis PEN3 transporter. Proceedings 

of the National Academy of Sciences of the United States of America (PNAS) 110: 12492–7. 

Valkama E, Koricheva J, Salminen J-P, Helander M, Saloniemi I, Saikkonen K, Pihlaja 
K. 2004. Leaf surface traits: overlooked determinants of birch resistance to herbivores and 

foliar micro-fungi? Trees 19: 191–197. 

Van Brussel AAN, Tak T, Boot KJM, Kijne JW. 2002. Autoregulation of root nodule 

formation: signals of both symbiotic partners studied in a split-root system of Vicia sativa 

subsp. nigra. Molecular Plant-Microbe Interactions (MPMI) 15: 341–9. 

Vance CP, Kirk TK, Sherwood RT. 1980. Lignification as a mechanism of disease 

resistance. Annual Review of Phytopathology 18: 259–288. 

Van Dam NM, Harvey JA, Wäckers FL, Bezemer TM, van der Putten WH, Vet LEM. 
2003. Interactions between aboveground and belowground induced responses against 

phytophages. Basic and Applied Ecology 4: 63–77. 

Van de Mortel JE, de Vos RCH, Dekkers E, Pineda A, Guillod L, Bouwmeester K, van 
Loon JJA, Dicke M, Raaijmakers JM. 2012. Metabolic and transcriptomic changes induced 

in Arabidopsis by the rhizobacterium Pseudomonas fluorescens SS101. Plant Physiology 160: 

2173–88. 

Van Loon LC. 2007. Plant responses to plant growth-promoting rhizobacteria. European 

Journal of Plant Pathology 119: 243–254. 

Van Loon LC, Bakker PA, Pieterse CM. 1998. Systemic resistance induced by rhizosphere 

bacteria. Annual Review of Phytopathology 36: 453–83. 

Van Wees SCM, Pieterse CM, Trijssenaar A, Van ’t Westende YA, Hartog F, Van Loon 
LC. 1997. Differential induction of systemic resistance in Arabidopsis by biocontrol bacteria. 

Molecular Plant-Microbe Interactions (MPMI) 10: 716–24. 

Van Wees SCM, Van der Ent S, Pieterse CMJ. 2008. Plant immune responses triggered by 

beneficial microbes. Current Opinion in Plant Biology 11: 443–8. 



LITERATURE 

 

– 203 – 

 

Vasse J. 1995. Microscopic studies of intercellular infection and protoxylem invasion of 

tomato roots by Pseudomonas solanacearum. Molecular Plant-Microbe Interactions (MPMI) 

8: 241. 

Vaucheret H. 2006. Post-transcriptional small RNA pathways in plants: mechanisms and 

regulations. Genes & Development 20: 759–71. 

Vellosillo T, Martínez M, López MA, Vicente J, Cascón T, Dolan L, Hamberg M, 
Castresana C. 2007. Oxylipins produced by the 9-lipoxygenase pathway in Arabidopsis 

regulate lateral root development and defense responses through a specific signaling cascade. 

Plant Cell 19: 831–46. 

Vercammen E, Staal J, Beyaert R. 2008a. Sensing of viral infection and activation of innate 

immunity by Toll-like receptor 3. Clinical Microbiology Reviews 21: 13–25. 

Verhagen BWM, Glazebrook J, Zhu T, Chang H-S, van Loon LC, Pieterse CMJ. 2004. 

The transcriptome of rhizobacteria-induced systemic resistance in Arabidopsis. Molecular 

Plant-Microbe Interactions (MPMI) 17: 895–908. 

Vermeer JEM, von Wangenheim D, Barberon M, Lee Y, Stelzer EHK, Maizel A, 
Geldner N. 2014 A spatial accommodation by neighboring cells is required for organ 

initiation in Arabidopsis. Science 343: 178–83. 

Vetter MM, Kronholm I, He F, Haweker H, Reymond M, Bergelson J, Robatzek S, de 
Meaux J. 2012. Flagellin perception varies quantitatively in Arabidopsis thaliana and its 

relatives. Molecular Biology and Evolution 29: 1655–1667. 

Vlot AC, Klessig DF, Park S-W. 2008. Systemic acquired resistance: the elusive signal(s). 

Current Opinion in Plant Biology 11: 436–42. 

Waisel Y, Eshel A, Beeckman T, Kafkafi U. 2002. Plant Roots: the hidden half. Taylor & 

Francis: 3rd edition. 

Walters DR, Heil M. 2007. Costs and trade-offs associated with induced resistance. 

Physiological and Molecular Plant Pathology 71: 3–17. 

Walters DR, McRoberts N. 2006. Plants and biotrophs: a pivotal role for cytokinins? Trends 

in Plant Science 11: 581–6. 

Wan J, Zhang X-C, Neece D, Ramonell KM, Clough S, Kim S-Y, Stacey MG, Stacey G. 
2008. A LysM receptor-like kinase plays a critical role in chitin signaling and fungal resistance 

in Arabidopsis. Plant Cell 20: 471–81. 

Wang D, Yang S, Tang F, Zhu H. 2012a. Symbiosis specificity in the legume-rhizobial 

mutualism. Cellular Microbiology 14: 334–42. 

Wang E, Schornack S, Marsh JF, Gobbato E, Schwessinger B, Eastmond P, Schultze M, 
Kamoun S, Oldroyd GED. 2012b. A common signaling process that promotes mycorrhizal 

and oomycete colonization of plants. Current Biology 22: 2242–6.  

Wang KL-C, Li H, Ecker JR. 2002. Ethylene biosynthesis and signaling networks. Plant 

Cell 14: S131–151. 

Wang ZY, Seto H, Fujioka S, Yoshida S, Chory J. 2001. BRI1 is a critical component of a 

plasma-membrane receptor for plant steroids. Nature 410: 380–3. 

Wasternack C. 2007. Jasmonates: an update on biosynthesis, signal transduction and action 

in plant stress response, growth and development. Annals of Botany 100: 681–97. 



LITERATURE 

 

– 204 – 

 

Watt SA, Tellström V, Patschkowski T, Niehaus K. 2006. Identification of the bacterial 

superoxide dismutase (SodM) as plant-inducible elicitor of an oxidative burst reaction in 

tobacco cell suspension cultures. Journal of Biotechnology 126: 78–86. 

Weiberg A, Wang M, Lin F-MM, Zhao H, Zhang Z, Kaloshian I, Huang H-DD, Jin H. 
2013. Fungal small RNAs suppress plant immunity by hijacking host RNA interference 

pathways. Science 342: 118–123. 

Whipps JM. 2001. Microbial interactions and biocontrol in the rhizosphere. Journal of 

Experimental Botany 52: 487–511. 

White FF, Yang B, Johnson LB. 2000. Prospects for understanding avirulence gene function. 

Current Opinion in Plant Biology 3: 291–8. 

Whitham SA, Quan S, Chang H-S, Cooper B, Estes B, Zhu T, Wang X, Hou Y-M. 2003. 

Diverse RNA viruses elicit the expression of common sets of genes in susceptible Arabidopsis 

thaliana plants. Plant Journal 33: 271–83. 

Whitman WB, Coleman DC, Wiebe WJ. 1998. Prokaryotes: The unseen majority. 

Proceedings of the National Academy of Sciences of the United States of America (PNAS) 95: 

6578–6583. 

Willmann R, Lajunen HM, Erbs G, Newman M-A, Kolb D, Tsuda K, Katagiri F, 
Fliegmann J, Bono J-J, Cullimore J V, et al. 2011. Arabidopsis lysin-motif proteins LYM1 

LYM3 CERK1 mediate bacterial peptidoglycan sensing and immunity to bacterial infection. 

Proceedings of the National Academy of Sciences of the United States of America (PNAS) 108: 

19824–9. 

Wubben MJE, Jin J, Baum TJ. 2008. Cyst nematode parasitism of Arabidopsis thaliana is 

inhibited by salicylic acid (SA) and elicits uncoupled SA-independent pathogenesis-related 

gene expression in roots. Molecular Plant-Microbe Interactions (MPMI) 21: 424–32. 

Wyant TL, Tanner MK, Sztein MB. 1999. Salmonella typhi flagella are potent inducers of 

proinflammatory cytokine secretion by human monocytes. Infection and Immunity 67: 3619–

24. 

Wyrsch I, Domínguez-Ferreras A, Geldner N, Boller T. 2015. Tissue-specific 

FLAGELLIN-SENSING 2 (FLS2) expression in roots restores immune responses in 

Arabidopsis fls2 mutants. New Phytologist 206: 774–84. 

Wysocka-Diller JW, Helariutta Y, Fukaki H, Malamy JE, Benfey PN. 2000. Molecular 

analysis of SCARECROW function reveals a radial patterning mechanism common to root 

and shoot. Development 127: 595–603. 

Yamaguchi Y, Huffaker A. 2011. Endogenous peptide elicitors in higher plants. Current 

Opinion in Plant Biology 14: 351–7. 

Yamaguchi Y, Huffaker A, Bryan AC, Tax FE, Ryan CA. 2010. PEPR2 is a second 

receptor for the Pep1 and Pep2 peptides and contributes to defense responses in Arabidopsis. 

Plant Cell 22: 508–22. 

Yamaguchi Y, Pearce G, Ryan CA. 2006. The cell surface leucine-rich repeat receptor for 

AtPep1, an endogenous peptide elicitor in Arabidopsis, is functional in transgenic tobacco 

cells. Proceedings of the National Academy of Sciences of the United States of America 

(PNAS) 103: 10104–9. 

Yang H, Gou X, He K, Xi D, Du J, Lin H, Li J. 2010b. BAK1 and BKK1 in Arabidopsis 

thaliana confer reduced susceptibility to Turnip crinkle virus. European Journal of Plant 

Pathology 127: 149–156. 



LITERATURE 

 

– 205 – 

 

Yan J, Zhang C, Gu M, Bai Z, Zhang W, Qi T, Cheng Z, Peng W, Luo H, Nan F, et al. 

2009. The Arabidopsis CORONATINE INSENSITIVE1 protein is a jasmonate receptor. Plant 

Cell 21: 2220–36. 

Yang S, Tang F, Gao M, Krishnan HB, Zhu H. 2010a. R gene-controlled host specificity 

in the legume-rhizobia symbiosis. Proceedings of the National Academy of Sciences of the 

United States of America (PNAS) 107: 18735–40. 

Ye C, Dickman MB, Whitham SA, Payton M, Verchot J. 2011. The unfolded protein 

response is triggered by a plant viral movement protein. Plant Physiology 156: 741–755. 

Yi H, Richards EJ. 2007. A cluster of disease resistance genes in Arabidopsis is coordinately 

regulated by transcriptional activation and RNA silencing. Plant Cell 19: 2929–2939. 

Yokoyama R, Takahashi T, Kato A, Torii KU, Komeda Y. 1998. The Arabidopsis 

ERECTA gene is expressed in the shoot apical meristem and organ primordia. Plant Journal 

15: 301–310. 

Young SA, Guo A, Guikema JA, White FF, Leach JE. 1995. Rice cationic peroxidase 

accumulates in xylem vessels during incompatible interactions with Xanthomonas oryzae pv 

oryzae. Plant Physiology 107: 1333–41. 

Zamioudis C, Pieterse CMJ. 2012. Modulation of host immunity by beneficial microbes. 

Molecular Plant-Microbe Interactions (MPMI) 25: 139–50. 

Zeng W, He SY. 2010. A prominent role of the flagellin receptor FLAGELLIN-SENSING2 

in mediating stomatal response to Pseudomonas syringae pv tomato DC3000 in Arabidopsis. 

Plant Physiology 153: 1188–1198. 

Zhai J, Jeong D-H, De Paoli E, Park S, Rosen BD, Li Y, González AJ, Yan Z, Kitto SL, 
Grusak MA, et al. 2011. MicroRNAs as master regulators of the plant NB-LRR defense gene 

family via the production of phased, trans-acting siRNAs. Genes & Development 25: 2540–

2553. 

Zhang J, Li W, Xiang T, Liu Z, Laluk K, Ding X, Zou Y, Gao M, Zhang X, Chen S, et al. 

2010. Receptor-like cytoplasmic kinases integrate signaling from multiple plant immune 

receptors and are targeted by a Pseudomonas syringae effector. Cell Host & Microbe 7: 290–

301. 

Zhang J, Shao F, Li Y, Cui H, Chen L, Li H, Zou Y, Long C, Lan L, Chai J, et al. 2007. 

A Pseudomonas syringae effector inactivates MAPKs to suppress PAMP-induced immunity 

in plants. Cell Host & Microbe 1: 175–85. 

Zhang J, Zhou J-M. 2010. Plant immunity triggered by microbial molecular signatures. 

Molecular Plant 3: 783–793. 

Zhang L, Kars I, Essenstam B, Liebrand TWH, Wagemakers L, Elberse J, Tagkalaki P, 
Tjoitang D, van den Ackerveken G, van Kan JAL. 2014. Fungal endopolygalacturonases 

are recognized as microbe-associated molecular patterns by the Arabidopsis receptor-like 

protein RESPONSIVENESS TO BOTRYTIS POLYGALACTURONASES1. Plant 

Physiology 164: 352–64. 

Zhang S, Klessig DF. 2001. MAPK cascades in plant defense signaling. Trends in Plant 

Science 6: 520–7.  

Zhang W, Fraiture M, Kolb D, Löffelhardt B, Desaki Y, Boutrot FFG, Tör M, Zipfel C, 
Gust AA, Brunner F. 2013. Arabidopsis receptor-like protein30 and receptor-like kinase 

suppressor of BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi. Plant Cell 

25: 4227–41. 



LITERATURE 

 

– 206 – 

 

Zhu Y, Wang Y, Li R, Song X, Wang Q, Huang S, Jin JB, Liu C-M, Lin J. 2010. Analysis 

of interactions among the CLAVATA3 receptors reveals a direct interaction between 

CLAVATA2 and CORYNE in Arabidopsis. Plant Journal 61: 223–33. 

Ziebell H, Carr JP. 2009. Effects of dicer-like endoribonucleases 2 and 4 on infection of 

Arabidopsis thaliana by Cucumber mosaic virus and a mutant virus lacking the 2b counter-

defence protein gene. Journal of General Virology 90: 2288–2292. 

Zipfel C. 2014. Plant pattern-recognition receptors. Trends in Immunology 35: 345–351. 

Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, Boller T, Felix G. 2006. 

Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-

mediated transformation. Cell 125: 749–60. 

Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JDG, Felix G, Boller T. 2004. 

Bacterial disease resistance in Arabidopsis through flagellin perception. Nature 428: 764–7. 

Zorzatto C, Machado JPB, Lopes KVG, Nascimento KJT, Pereira WA, Brustolini OJB, 
Reis PAB, Calil IP, Deguchi M, Sachetto-Martins G, et al. 2015. NIK1-mediated 

translation suppression functions as a plant antiviral immunity mechanism. Nature 520: 679–

82. 

Zuo J, Niu QW, Chua NH. 2000. Technical advance: An estrogen receptor-based 

transactivator XVE mediates highly inducible gene expression in transgenic plants. Plant 

Journal 24: 265–73. 

Zvereva AS, Pooggin MM. 2012. Silencing and innate immunity in plant defense against 

viral and non-viral pathogens. Viruses 4: 2578–97.



APPENDIX   

 

– A1 – 

 

APPENDIX 

Accumulation of SERKs and activation of MAPKs upon 

application of crude bacterial extract in Arabidopsis roots 

The presence of the FLS2 signaling partner, BRASSINOSTEROID INSENSITIVE1 (BRI1)-

ASSOCIATED RECEPTOR KINASE 1 (BAK1), was confirmed in roots by Western blot 

(Fig. A1a). MAPK activation in roots was elicited by crude cell extracts of Pseudomonas 

syringae pv tomato (Pto) DC3000. The activity of these extracts on fls2 mutant roots indicate 

that other MAMPs presented by Pseudomonas are recognized by Arabidopsis roots (Fig. A1b).   

 

Fig. A1 Accumulation of SERKs and activation of MAPKs upon application of crude bacterial extract in 
Arabidopsis roots. (a) SERKs are strongly detectable in isolated root tissue of Arabidopsis seedlings. Isolated 

roots of two week-old Col-0 plants were treated with 1 µM elicitor peptide flg22, elf18 or water as a control for 

15 minutes. Proteins were extracted and samples analyzed for SERK accumulation. Western blot was probed 

with antibodies against SERKs (Schulze et al., 2010). Ponceau staining shows equal loading control. (b) Crude 

Pto DC3000 extracts induce MAPK phosphorylation in isolated roots of Arabidopsis wild-type and fls2 mutants. 

Bacteria grown in YEB medium were washed three times with water, resuspended in water and sonicated for 20 

minutes. The cellular debris was removed by centrifugation and the supernatant was filter-sterilized (0.45 µm 

filters, Millipore). The obtained cell-free extract was diluted 1:10 in water and added to isolated root tissue of 

two week-old Arabidopsis plants. The tissue was harvested after 15 minutes and tested for MAPK 

phosphorylation by Western blot. Water-treated roots were used as control (Kunze et al., 2004). 
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Downstream PTI responses in Arabidopsis roots upon 

MAMP/DAMP treatments 

In close collaboration with our Sinergia project partners, Silke Lehmann from the group of 

Jean-Pierre Métraux (University of Fribourg) and the group of Niko Geldner (University of 

Lausanne), we investigated the differences and characteristics of downstream PTI responses 

in Arabidopsis roots upon applications of distinct molecular patterns.  

The accumulation of reactive oxygen species (ROS) is an early response of plant cells towards 

MAMPs such as flg22 or elf18. While this reaction has repeatedly been described for leaf 

tissue and seedlings, we compared the oxidative burst in Arabidopsis roots after treatment with 

1 µM flg22, the chitin heptamer chitin7 and AtPep1 using a luminol-based assay (Fig. A2a). 

A significant increase in ROS accumulation was observed for all three elicitors, with flg22 

and AtPep1 triggering a stronger response than chitin7. The peak of luminescence consistently 

appeared somewhat later in treatments with flg22 compared to samples treated with chitin7 

and AtPep1. 

Following elicitor perception, the phosphorylation of MAPKs transduces the signal towards 

downstream components. This activation of MAPKs also occurs in roots after treatment with 

1 µM flg22, chitin7 and AtPep1 (Fig. A2b). The analysis of the respective receptor mutants 

fls2, cerk1-2 and pepr1/2 demonstrated that also in roots the activation of MAPKs by elicitor 

molecules depends on the previously described LRR-RLKs. In this assay, the exposure to 

AtPep1 led to the highest amount of phosphorylated MAPKs while lower levels were observed 

after treatment with flg22 and chitin7. 
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Fig. A.2 PTI responses upon flg22, AtPep1 and chitin treatments in isolated Arabidopsis roots. (a) ROS 

production in isolated three week-old roots of wild-type Arabidopsis thaliana seedlings, treated with 1 μM flg22, 

AtPep1, chitin hexamer (chitin 7) or control (0.5 x MS medium) was measured in a luminol-based assay (Chapter 

2.2.5.6) for the duration of one hour. Graph shows mean values ± SE of 12 biological replicates. The experiment 

was repeated four times independently. RLU, relative light units. (b) MAPK activation was detected by Western 

blot as described previously (Chapter 2.2.5.7) after ten minutes of flg22, AtPep1, chitin7 or control treatments in 

two week-old isolated root systems of Col-0 wild-type, fls2, pepr1-2 and cerk1 mutants. Ponceau staining was 

used as a loading control. The pictures represent one of four independent replicates with similar results.  

 

In order to elucidate the spatial and cellular induction patterns of downstream PTI responses 

upon elicitor treatments, we generated Arabidopsis wild-type plants, which express the YFP-

derived fluorophore Venus (3xVenus) under the control of several defense-related promoters 

(Prom:NLS-3xVenus constructs), respectively. The pGreen229NLS3xmVenus plasmid 

(Vermeer et al., 2014) was used to enable Prom:NLS-3xVenus expression and the Venus 

reporter contains a nuclear localization sequence that facilitates the detection of the fluorescent 

signal at a cell-specific level. The selected promoters were representative for early induced 

MAMP genes, markers for hormonal pathways as well as markers for ROS and wounding. 

However, in this chapter, I will focus on the root PTI markers PER5, MYB51 and WRKY11. 

MYB51pro and WRKY11pro, which have previously been shown to be induced in Arabidopsis 

roots upon MAMP treatments (Millet et al., 2010). PER5 has been characterized as a strong 

transcriptional marker for PTI in Arabidopsis during my thesis (Wyrsch et. al. 2015; Chapter 

2.2.7; Fig. S2.8).  

Homozygous lines expressing the indicated constructs, respectively, were investigated for 

enhanced Venus fluorescence protein signal upon elicitor treatments by confocal microscopy. 

Our experiments revealed that the promoter activities were differentially induced upon flg22, 

(b) (a) 
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chitin7 and AtPep1 treatments. Remarkably, and consistent with the results obtained after 

measuring early PTI responses upon elicitor treatment in roots (see paragraph above) the 

intensity of the promoter activity depended on the type of MAMP/DAMP applied. The DAMP 

AtPep1 induced stronger WRKY11 and MYB51 promoter activity, whereas the MAMPs flg22 

and chitin7 led to moderate expression of these promoters (Fig. A3).  

Moreover, we did not only observe variations in the intensity of the response but also tissue-

specific effects of the promoter activation (Fig. A3; Fig. A4). Activities of promoters were 

distinctly regulated in longitudinal developmental root zones as well as transversal tissue 

layers. Chitin7 induced promoter activity mainly restricted to the differentiation zone, whereas 

flg22 and AtPep1 treatment led to strong transcriptional changes also in the elongation zone 

(Fig. A4). Furthermore, whereas flg22 generally elicited the promoters of the PTI marker 

genes more in epidermal, outer tissues and cells, AtPep1 induced promoter activities more in 

inner, vasculature tissues, except for PER5pro (Fig. A3; Fig. A4). These results indicate that, 

despite similar downstream responses may get activated in roots upon elicitation with different 

elicitors, the intensity and localization patterns of the responses vary.  

Fig. A3 WRKY11pro:NLS-3xVenus and MYB51pro:NLS-3xVenus induction in transgenic Arabidopsis 
roots. WRKY11pro:NLS-3xVenus and MYB51pro:NLS-3xVenus induction was analyzed by confocal microscopy 

in five day-old transgenic Arabidopsis seedling roots upon six hours of treatment with the indicated elicitors (at 

100 nM concentration) in the elongation zone. The pictures were taken by Silke Lehmann.  
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Fig. A4 PER5pro:NLS-3xVenus induction in transgenic Arabidopsis roots. PER5pro:NLS-3xVenus induction 

was analyzed by confocal microscopy in five day-old transgenic Arabidopsis seedling roots upon six hours of 

treatment with the indicated elicitors (at 100 nM concentration). DZ = differentiation zone, EZ = elongation zone, 

MZ = meristematic zone. The experiment was performed by Silke Lehmann.  

 

When confirming the microscopy data by qRT-PCR, we were able to highlight the advantages 

of our generated, transgenic lines for accurate spatial determination of expression patterns of 

downstream responses upon MAMP perception. As whole roots were used for qRT-PCR 

assays, the induction differences measured by qRT-PCR do not necessarily reflect the 

observed differences in the expression distribution of marker genes along the longitudinal root 

axis or the radial cross section of the root (Fig. A3; Fig. A4; Fig. A5). 
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Fig. A5 Transcript levels of marker genes in Arabidopsis wild-type roots measured by qRT-PCR. 
Transcript levels of marker genes in isolated two week-old root tissues treated with 1 μM flg22, AtPep1, chitin7 

or without peptide (control). Transcript levels of WRKY11, MYB51 and PER5 were measured by qRT-PCR and 

first normalized to that of the reference gene UBQ10 before calculation of expression relative to that of the 

control. The bars represent the mean of four biological replicates. Error bars show ± SE of the mean. The exact 

protocol can be found in Chapter 2.2.5.8 of this thesis. 

 

In summary, the tools generated in this study allow to gain more specific information about 

the intensity and localization patterns of marker gene induction in roots at a cellular resolution. 

Conclusively, this method presents a fast, non-destructive in vivo readout for transcriptional 

MAMP-triggered downstream responses. 
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ROS production in Arabidopsis thaliana and MAPK 

phosphorylation in Nicothiana benthamiana upon treatment of 

leaves with poly(I:C) 

Fig. A6 ROS production in Arabidopsis thaliana and MAPK phosphorylation in Nicothiana benthamiana 

upon treatment of leaves with poly(I:C). (a) ROS production in leaf discs of Col-0 wild-type Arabidopsis 

thaliana seedlings, treated with flg22, poly(I:C) or control (PBS) was measured in a luminol-based assay 

(Chapter 2.2.5.6) for the duration of one hour. Graph shows mean values ± SE of 12 biological replicates. The 

experiment was repeated two times independently. RLU, relative light units. (b) Immunoblot to detect MAPK 

phosphorylation in Nicothiana benthamiana leaf discs treated with flg22, H2O, poly(I:C), GFP siRNA, or PBS. 

The blot was probed with an antibody against phosphorylated MAPKs. As equal loading control, the immunoblot 

was re-probed with anti-UGPase antibody (for exact protocol see Chapter 4.6.6.1). 

(a) (b) 


