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Abstract 
 

Plasma membrane-localized pattern recognition receptors (PRRs) are central components of 

the plant innate immune system. PRRs perceive characteristic microbial features, termed 

pathogen-associated molecular patterns (PAMPs), leading to pattern-triggered immunity 

(PTI). As PAMPs from both pathogenic and beneficial bacteria are potentially recognized, 

both must employ strategies to evade and/or suppress PTI. Here, I show that 

exopolysaccharides (EPS) and flagella-driven motility, both of which are regulated by the 

secondary messenger cyclic-di-GMP, are important virulence factors at different stages 

during Pseudomonas syringae pv. tomato (Pto) DC3000 infection of Arabidopsis thaliana. 

High levels of cyclic-di-GMP impaired flagellin accumulation in different Pseudomonas 

species, and helped bacteria to evade recognition by the PRR FLAGELLIN SENSING 2. In this 

case, immune evasion was fully explained by the effect of cyclic-di-GMP on flagellin synthesis 

rather than on EPS production. Nevertheless, an EPS-deficient Pto DC3000 mutant, 

Δalg/psl/wss, showed compromised virulence, and a combination of two types of EPS 

appeared to be required for optimal in planta proliferation. In a complementary project, I 

tested whether PAMP recognition affects the interaction between the legume Medicago 

truncatula and its symbiotic partner Sinorhizobium meliloti. I transferred the PRR EF-TU 

RECEPTOR (EFR) from A. thaliana to M. truncatula, conferring recognition of the bacterial EF-

Tu protein. Expression of EFR protected M. truncatula against the root pathogen Ralstonia 

solanacearum without compromising the overall symbiotic interaction with nitrogen-fixing 

S. meliloti. My results indicate that rhizobium either avoids PAMP recognition, or actively 

suppresses immune signalling during the infection process. Finally, I engineered a PAMP in 

S. meliloti by replacing the eliciting inactive flg22 epitope (derived from flagellin) with an 

eliciting epitope. My results suggest that legumes can be engineered with novel PRRs, as a 

biotechnological approach for broad-spectrum disease resistance, without perturbing the 

nitrogen-fixing symbiosis. Overall, my work contributes to our understanding of the 

molecular interaction between plants and bacteria. 
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1.1 Human-plant associations 

Plants are autotrophic organisms, which use energy from light to conduct photosynthesis 

and produce complex organic compounds out of simple substances present in their 

surroundings, such as water and oxygen. Humans and other animals depend on plants as a 

basic source for their energy supply. Beside food, plants also provide essential products such 

as fibers, fuels, and drugs for humans. Moreover, the cultural development of mankind is 

closely connected to the development and evolution of plants (Thompson, 2010). Today’s 

major crop plants have been domesticated over a continuous breeding process for millennia. 

Our ancestors learned to cultivate plants, harvest the seeds and practice agriculture. 

Depending on the geographical region, evolutionary adaption to survive in different climatic 

conditions and under other pressures such as drought, frost, pests and pathogens secured 

the persistence of agricultural plants. Seeds initially collected from wild plants, were selected 

and systematically bred over the years. With growing knowledge of genetics during the 20th 

century, new breeding methods promoted the development of high-yield varieties. In 

addition, people learned to create or foster conditions that optimize plant growth. Field 

irrigation supplies sufficient water, fertilizer ensures nutrient availability and greenhouses 

allow plant growth in otherwise unfavorable climates. Nonetheless, complete control of 

environmental conditions is difficult to achieve, especially for biotic factors such as diseases 

caused by plant pathogens. Modern agricultural practices, including crop monocultures that 

are selected for maximum yield and consumer-desired traits, provide a fertile ground for 

pathogens. A major goal of plant pathology is to gain expertise in epidemic plant diseases 

and convey it to farming strategies to meet agricultural demands. Additionally, the discovery 

of parallels between the immune system of plants and animals promoted this research field 

to the forefront of plant molecular biology. Remarkable advances in the understanding of 

disease resistance focusing on molecular and cellular mechanisms have created a 

comprehensive concept of plant immunity (Dangl et al., 2013, Dodds and Rathjen, 2010). 

In this introductory chapter, I will describe how microbial elicitors are recognized by plant 

immune receptors activating several immune responses. Successful pathogens must evolve 

virulence strategies to evade recognition and/or suppress plant immunity. Similarly, 

beneficial bacteria are also exposed to potential immune recognition. I will briefly discuss 

three different mechanisms employed by bacteria that determine the outcome of plant-

bacteria interactions and are involved in evasion of plant immunity: this includes the use of 

secreted effector proteins, the role of extracellular polysaccharides (exopolysaccharides; 

EPS) and natural allele variation observed in bacterial immune elicitors.  
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1.2 Plant-microbe interactions 

Plants live in constant contact with a vast number and huge variety of microorganisms, 

including bacteria, fungi and oomycetes. The microbiomes of the phyllosphere and 

rhizosphere play critical roles in the adaption of the plant to its environment (Berendsen et 

al., 2012, Müller et al., 2016). Specialized microbes can be beneficial or detrimental to their 

host. Plants solely rely on an innate immune system consisting of passive and active defences 

to resist potential attack by most microbial pathogens (Cui et al., 2015, Boutrot and Zipfel, 

2017, Lee et al., 2017). Associations with beneficial microbes could be either in an intimate 

mutualistic symbiosis that requires elaborate communication processes of both partners, or 

in a commensal relationship, in which the microbe stimulates plant growth or protects the 

host from potential harm (Pieterse et al., 2014, Vorholt, 2012, Lugtenberg and Kamilova, 

2009). Living in close relation with their host, it is vital for both pathogenic and beneficial 

microbes to avoid immune responses. 

1.2.1 Plant pathogenic bacteria 

Plants have to cope with unfavourable environmental conditions like biotic stress due to 

pathogen attack. They rely on an innate immune system, which enables them to resist most 

microbial pathogens. Pathogens need a high degree of specialization to overcome the plant 

immune system and cause disease. Although pathogens are relatively rare among all 

microbes, they are a major threat to plant survival and an effective immune system is needed 

to fend them off (Jones and Dangl, 2006, Dangl et al., 2013). Pathogenic microbes can be 

bacteria, fungi or oomycetes following either a necrotrophic, biotrophic, or hemibiotrophic 

lifestyle (Glazebrook, 2005). Nutrients are limited on the plant surface, so the first critical 

step for a pathogen is to get inside the host tissue and overcome initial barriers such as the 

waxy leaf cuticle, apoplastic antimicrobial compounds and the cell wall. Pathogenic bacteria 

move into the plant through stomata, hydathodes, or wounds, and mostly proliferate in the 

apoplast, the intercellular space of plant tissue (Beattie and Lindow, 1995). Some pathogenic 

bacteria, such as Xylella fastidiosa and phytoplasma use sap-feeding insects as vectors for 

the penetration of host tissue and multiply intracellularly (Rapicavoli et al., Sugio and 

Hogenhout, 2012). While there are many bacterial pathogens with high scientific and 

economic impact (Mansfield et al., 2012), I will focus here mostly on the lifestyle and 

virulence determinants of Pseudomonas syringae. Collectively, the P. syringae species 

complex has a broad host range, but pathogen variants (pathovars) are restricted to one or 

a few plant species, which reflects a strong adaption to specific hosts and is largely 
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determined by the type-3 secreted effector repertoire (Lin and Martin, 2007, Lindeberg et 

al., 2009). Pseudomonas syringae pathovar tomato (Pto) DC3000 is the causal agent of the 

bacterial speck disease on tomato (Solanum lycopersicum) and thale cress (Arabidopsis 

thaliana). Pto DC3000 has a hemibiotrophic lifestyle and colonizes the intercellular spaces of 

leaves and other aerial parts of plants (Xin and He, 2013). Over the past 30 years, Pto DC3000 

has emerged as a model organism to study the molecular mechanisms underlying bacterial 

virulence and host immunity (Xin and He, 2013). This led to the development of various 

genetic resources in both Pto DC3000 and A. thaliana and has facilitated the exploration of 

the molecular details of plant-pathogen interactions.  

The disease cycle of P. syringae strains follows two sequential phases. In the initial epiphytic 

stage, the bacteria must cope with abiotic stresses, such as desiccation, ultraviolet 

irradiation, and rapid temperature changes on the leaf surface. In the subsequent 

endophytic phase, P. syringae can multiply aggressively in the apoplastic space of a 

susceptible host plant under suitable environmental conditions. At later stages during the 

infection, host cells die and the leaf shows extensive necrotic tissue. During these stages of 

pathogenesis, the bacterium is exposed to changing environmental conditions. Thus, the 

bacteria have to respond to a variety of external cues, integrating the outputs of various 

signalling networks into an appropriate response regulating the complex infection process. 

P. syringae relies on regulatory pathways controlled by small signalling molecules, such as 

quorum sensing acyl-homoserine lactones, or the intracellular secondary messenger cyclic-

di-GMP (cdG). These pathways guide epiphytic survival, invasion of the plant tissue, virulence 

and proliferation (Quiñones et al., 2005, Vakulskas et al., 2015, Records and Gross, 2010). 

Metabolic adaptation to cold and osmotic shock, and desiccation stress contribute to the 

epiphytic survival of P. syringae (Lindow et al., 1993, Freeman et al., 2013). In addition, 

bacterial EPS molecules have been shown to play an important role to plant surface 

colonization and infection (Laue et al., 2006, Yu et al., 1999, Yu et al., 2013). Another class of 

compounds that contribute to bacterial virulence are secondary metabolites, often referred 

to as phytotoxins (Bender et al., 1999). One of the best studied phytotoxic molecules is the 

polyketide coronatine, which mimics the phytohormone jasmonic acid (JA) and stimulates JA 

signalling to reopen closed stomata, hence promoting bacterial entry (Melotto et al., 2006). 

A major virulence determinant of hemibiotrophic pathogens is the secretion of effector 

proteins that manipulate the structure or function of host components and to promote 

pathogenesis (Lindeberg et al., 2012, Win et al., 2012). The contribution of bacterial effectors 
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and EPS to evasion and suppression of plant immunity will be discussed in more detail below 

(Chapter 1.4). 

1.2.2 Beneficial plant-associated bacteria 

1.2.2.1 Plant growth-promoting rhizobacteria 

Plants have beneficial associations with a variety of microbes that colonize the rhizosphere, 

a soil layer influenced by the plant root. The microbial community in the rhizosphere is very 

different from that in the surrounding soil and depends on the host genotype, suggesting 

that plants are able to shape their microbiome (Müller et al., 2016, Hacquard et al., 2017). 

An example of microbes forming beneficial interactions with plants are soil-borne bacteria 

that enhance plant growth after root colonization and are called plant growth-promoting 

rhizobacteria (PGPR) (Lugtenberg and Kamilova, 2009, van Loon, 2007, Pieterse et al., 2014). 

PGPR have been identified in over two dozen genera of rhizobacteria and plant growth-

promoting or biocontrol actions can be realized through multiple mechanisms (Kim et al., 

2011). Plant growth promotion could be accomplished by providing nutrients or other 

important elements to the plant or by stimulation of plant growth via production of plant 

hormones (Pieterse et al., 2014, Zamioudis and Pieterse, 2012). Other PGPR are described as 

biological disease control agents. They occupy ecological niches in the plant rhizosphere, 

suppressing deleterious soil-borne pathogens through the production of antimicrobial 

compounds, through nutrient scavenging, or niche occupation. In addition, PGPR act through 

a phenomenon known as induced systemic resistance (ISR) in the host, which primes above 

ground plant tissues for enhanced resistance against foliar pathogens or even insect 

herbivores (Haas and Defago, 2005, Lugtenberg and Kamilova, 2009, Pieterse et al., 2014). 

For example, Pseudomonas protegens Pf-5 is a soil bacterium that colonizes the rhizosphere 

and contributes to plant health by suppression of a wide variety of plant diseases over a 

broad host range (Loper et al., 2007). P. protegens Pf-5 produces multiple secondary 

metabolites, including antibiotic polyketide compounds pyoluteorin and 2,4-

diacetylphloroglucinol (2,4-DAPG), that underpin its biocontrol capacities (Loper et al., 

2007). Besides its antimicrobial activity, 2,4-DAPG is involved in conferring ISR against foliar 

pathogen infections (Iavicoli et al., 2003, Weller et al., 2012). In addition to the production 

of antibiotics, siderophore secretion and metabolic features, such as broad catabolic 

pathways, an expanded array of efflux systems and numerous genes conferring tolerance to 

oxidative stress enable P. protegens Pf-5 to cope with environmental stress and microbial 

competition in the rhizosphere (Loper et al., 2007, Loper et al., 2012). 
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1.2.2.2 Nitrogen-fixing rhizobia 

A well-studied example of beneficial microbes that directly promote plant growth are 

Rhizobium bacteria that can form intimate symbiotic relationships with legumes. These 

bacteria initiate the formation of root nodules, in which they fix atmospheric nitrogen in 

exchange for plant-produced carbohydrates. Rhizobia produce and release Nod factors 

(lipochitin oligosaccharides), which are recognized by host receptors and trigger an 

intracellular signalling process leading to cell re-differentiation, organogenesis and infection 

of root nodules (Figure 1) (Oldroyd et al., 2011). While rhizobial infection can happen in 

cracks between epidermal cells, the typical entry route is via root hair infections. Rhizobia 

attach to root hairs, which curl and entrap the growing microcolony. This is followed by 

initiation and elongation of infection threads (ITs), which are plant-derived tubular structures 

inside the root hair that guide the proliferating bacteria through the epidermal and cortical 

cell layers towards the nodule primordia. Ultimately, rhizobia get released into the nodule 

by an endocytosis-like process and form membrane-encased symbiosomes, which develop 

into bacteroids fixing atmospheric nitrogen (Oldroyd et al., 2011). M. truncatula produces 

nodule-specific cysteine-rich peptides to control irreversible terminal differentiation of 

rhizobia to elongated and polyploid endosymbionts (Van de Velde et al., 2010). The 

characterization of plant mutants impaired at different stages of the symbiotic process has 

identified components required to establish and control microbial infection (Oldroyd, 2013). 

Perception of Nod factors by the M. truncatula LYSM DOMAIN RECEPTOR KINASE 3 (LYK3) 

and NOD FACTOR PERCEPTION (NFP) trigger the symbiotic signalling pathway and initiate 

nuclear calcium oscillations. The calcium-calmodulin dependent kinase DOES NOT MAKE 

INFECTIONS 3 (DMI3; or CCAMK in L. japonicus) decodes the calcium signal and interacts with 

the transcription factor INTERACTING PROTEIN OF DMI3 (IPD3; or CYCLOPS in L. japonicus) 

to coordinate infection with organogenesis (Madsen et al., 2010, Miller et al., 2013, Singh et 

al., 2014). To establish and maintain the symbiotic process, continuous communication 

between the legume and rhizobium is required. Beside Nod factors, rhizobia produce other 

factors that are critical for infection and accommodation in the host cell, such as 

lipopolysaccharides, exopolysaccharides and cyclic beta-glucans (Downie, 2010). Despite the 

intimate interaction and signal exchange between both partners, it is an open question 

whether the infecting bacterium is recognized as a foreign invader by the plant innate 

immune system (Cao et al., 2017). 
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Figure 1.1. Rhizobial infection process of legume roots. Nod factor perception activates the 
symbiosis signalling pathway (red), leading to calcium oscillations, initially in epidermal cells but later 
also in cortical cells. The balance between immune response and symbiosis during nodule development. 
Rhizobial PAMPs activate a transient immune response (blue), which is downregulated during 
continuation of symbiosis process. Rhizobia form microcolony at curled root hair cells. Infection threads 
are formed by the plant cell at the site of root hair curls and allow invasion of the rhizobia into the root 
tissue. Nodule primordia develop below the site of bacterial infection and form by de novo initiation of a 
nodule meristem in the cortical cells. The infection threads grow towards the emergent nodules and 
ramify within the nodule tissue. Ultimately, the bacteria are released into membrane-bound 
compartments inside the cells of the nodule, where the bacteria can differentiate into a nitrogen-fixing 
state. Figure taken from (Cao et al., 2017) and modified. 

 

1.3 Activation of plant immunity 

Unlike mammalian immune systems, the plant immune system lacks both specialized and 

mobile defender cells as well as antibody-mediated immunity. Instead, plant cells rely on 

cell-autonomous innate immunity. This is characterized by a two-layered surveillance system 

consisting of plasma membrane-localized and intracellular immune receptors that 

specifically sense the presence of microbes and pathogens, respectively, and trigger local 

and systemic immune responses to restrict pathogen growth (Figure 1.2) (Dodds and 

Rathjen, 2010). The first layer of plant immunity employs cell surface-localized pattern 

recognition receptors (PRRs) that perceive pathogen (or microbe)-associated molecular 

patterns (PAMPs or MAMPs) and trigger local and systemic immune responses (Boutrot and 

Zipfel, 2017). Typical examples of PAMPs are fungal chitin, bacterial peptidoglycan or flagellin 

that are released during infection and elicit a defence response (Boller and Felix, 2009). 

Similarly to these exogenous microbial elicitors, endogenous plant molecules released during 

infection or wounding, called damage-associated molecular patterns (DAMPs) can also be 

detected by PRRs. Activation of PRRs by binding PAMPs or DAMPs results in PRR-triggered 

immunity (PTI) (Couto and Zipfel, 2016). Characteristic PTI responses involve immune 

reactions including the production of reactive oxygen species (ROS), transcription of 

defence-related genes and cell wall fortification (Boller and Felix, 2009). Since PTI is activated 

by conserved features of entire groups of microbes, it has the potential to ward off a broad 
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range of microbes and stop their proliferation in the apoplastic space (Boller and Felix, 2009, 

Boutrot and Zipfel, 2017).  

Successful pathogens have adapted to their preferred host and evolved ways to overcome 

this first layer of plant immunity in order to cause disease (Macho and Zipfel, 2015). A well 

studied strategy to suppress PTI employed by pathogenic bacteria, fungi and oomycetes is 

the delivery of virulence effector proteins into the host cell or in the apoplast. Secreted 

effectors actively interfere with host immune signalling, thereby facilitating infection. In turn, 

intracellular immune receptors, mainly represented by nucleotide binding site (NBS) leucine-

rich repeat (LRR) proteins, can recognize effectors directly or indirectly through their action 

on host proteins and activate the second layer of plant immunity called effector-triggered 

immunity (ETI) (Cui et al., 2015, Li et al., 2015).  

 

 

Figure 1.2. Schematic of plant innate immunity. Invading pathogens release molecules into the 
extracellular space, termed pathogen-associated molecular patterns (PAMPs) such as chitin or flagellin, 
that are perceived by cell surface pattern recognition receptors (PRRs) and elicit pattern-triggered 
immunity (PTI). Pathogenic bacteria, fungi and oomycetes secrete effector proteins into the host cell that 
often function to suppress PTI. However, many effectors are recognized by intracellular nucleotide-
binding (NB)-leucine rich repeat (LRR) receptors, which initiate effector-triggered immunity (ETI). Figure 
taken from (Dodds and Rathjen, 2010). 
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Historically, effectors are also known as avirulence proteins (Avr), because the pathogen 

carrying an effector that is recognized by the corresponding NBS-LRR is not virulent on this 

host plant, as the effector recognition leads to immunity. This interaction has been 

characterized as race-specific gene-for-gene resistance (Hammond-Kosack and Jones, 1997, 

Flor, 1971). The concept of the two-layered plant immune system, comprising PTI and ETI, 

has been described in an evolutionary context in the “zig-zag model” (Jones and Dangl, 2006). 

According to the zig-zag model, disease susceptibility is a consequence of suppression of host 

immunity. It describes the molecular interaction of pathogens and their hosts as a 

continuous evolutionary arms race, in which the original virulence activity of effectors is 

turned into avirulence activity, since effector action is steadily monitored by NBS-LRR 

proteins. Finally, natural selection favors those pathogen isolates that can avoid ETI by either 

loss or modification of the recognized effector, or by evolving new effectors helping to 

suppress ETI again (Jones and Dangl, 2006, Win et al., 2012). Although the zig-zag model 

provides a helpful framework to explain the molecular basis of compatible and incompatible 

plant-microbe interactions, plant responses towards a variety of microbes, especially 

towards symbionts and necrotrophs, cannot always be fully explained in terms of PTI and ETI 

(Thomma et al., 2011, Cook et al., 2015).  

Recently, an alternative view describing plant innate immunity as a system to detect invasion 

has been suggested (Cook et al., 2015). As such, the plant surveys microbial activity in the 

intercellular space and inside the host cell. Microbial features correspond to invasion 

patterns that get recognized by plant immune receptors. In contrast to the strict definition 

of PAMPs and effectors, invasion patterns are described as a continuous spectrum of 

molecules representing a varying scope of microbial diversity and with different functional 

roles for the microbe (Cook et al., 2015). As such, understanding plant immunity as a 

surveillance system to detect invasion can have advantages to describe the simultaneous 

perception of multiple ligands during an infection and the co-evolution between receptor 

and ligands. Nevertheless, in this thesis, I will mostly focus on the specific perception of 

individual PAMPs by well-characterized PRRs, and I will use the established terminology as it 

is outlined below (Chapter 1.4 and 1.5). 

The signalling events initiated as part of ETI overlap with those associated with PTI, including 

ROS production, activation of mitogen-activated protein kinases (MAPKs) and transcriptional 

reprogramming (Dodds and Rathjen, 2010, Tsuda and Katagiri, 2010, Thomma et al., 2011). 

Despite these similar characteristics, ETI is an accelerated and amplified response compared 

to PTI, and often results in a hypersensitive response (HR), which is a plant-specific form of 
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programmed cell death (Jones and Dangl, 2006). While it is not clear what actually stops 

pathogen growth, HR has been interpreted as an effective mechanism to restrict biotrophic 

pathogen growth simply by withdrawing the nutrient source (Greenberg and Yao, 2004). 

Besides triggering a rapid immune response in single cells, pathogen signals activate a 

systemic signalling network integrating various phytohormones and other signalling 

molecules that allows an extended immune response over time and space (Spoel and Dong, 

2012, Pieterse et al., 2012). This systemic acquired resistance (SAR) primes uninfected tissue 

against subsequent pathogen attack (Fu and Dong, 2013). 

PTI effectively contributes to basal disease resistance against adapted pathogens as well as 

non-host resistance against non-adapted pathogens by inducing local and systemic immune 

responses (Boutrot and Zipfel, 2017, Lee et al., 2017). 

1.4 PAMP perception 

1.4.1 Activation of pattern recognition receptors 

Cell surface-localized pattern recognition receptors (PRRs) are the first line of active defence 

and enable the plant to recognize ‘non-self‘ molecules (Couto and Zipfel, 2016). PTI is 

triggered by the perception of PAMPs, which are molecular signatures of microorganisms 

and constitute ‘non-self‘. PAMPs are often highly conserved and can represent whole classes 

of microbes (e.g. chitin for fungi) or are at least universally present in various species (e.g. 

flagellin in proteobacteria), which allows the plant to detect a variety of microbes with a 

limited set of receptors (Boutrot and Zipfel, 2017). Major advances have been made in the 

past 15 years to elucidate the molecular mechanisms underlying microbial perception at the 

plasma membrane and the activation of intracellular immune signalling leading to defence 

response (Figure 1.3) (Couto and Zipfel, 2016). Typically, plant PRRs are plasma membrane-

localized proteins that exhibit a modular structure and invariantly contain an extracellular 

ligand binding (ecto)domain. Receptor-like kinases (RLKs) also contain a single-pass 

transmembrane domain and an intracellular kinase, while receptor-like proteins (RLPs) 

harbor alternatively a single-pass transmembrane domain and a cytoplasmic C-terminal 

extension, or a glycosylphosphatidylinositol (GPI) anchor. The PRR ectodomains display a 

variety of structural and functional domains including leucine-rich repeats (LRRs), lysine 

motifs (LysMs), lectin motifs, or epidermal growth factor (EGF)-like domains (Boutrot and 

Zipfel, 2017). 
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Figure 1.3. Pattern-triggered immunity signalling. Perception of pathogen-associated molecular 
patterns (PAMPs) by pattern recognition receptors (PRRs) induces pattern-triggered immunity (PTI) 
signalling. Although different PRR complexes can signal through distinct components, they rely on 
similar mechanisms. For example, PRR activation leads to complex formation with co-receptor(s), 
phosphorylation of downstream targets, such as receptor-like cytoplasmic kinases (RLCK), 
phosphorylation of the NADPH oxidase RBOHD leading to production of reactive oxygen species (ROS), 
initiation of a transient Ca2+ influx and activation of mitogen-activated protein kinase (MAPK) cascades. 
Figure originally published in (Couto and Zipfel, 2016). 

 

Several PAMP-PRR pairs have been identified for pathogens of mono- and dicotyledonous 

plants and described in varying detail regarding the molecular mechanisms of ligand binding 

and signal activation. Two of the best studied PRRs in plants are FLAGELLIN SENSING 2 (FLS2) 

and ELONGATION FACTOR TU RECEPTOR (EFR) recognizing bacterial flagellin (or the eliciting 

epitope flg22) and EF-Tu (or the eliciting epitope elf18), respectively (Kunze et al., 2004, 

Zipfel et al., 2006, Felix et al., 1999, Gomez-Gomez and Boller, 2000). Both PRRs belong to 

the LRR-RLK family XII in A. thaliana, and are characterized by an ectodomain of LRRs for 

PAMP perception, and an intracellular kinase domain involved in signal transduction. 

Multiple A. thaliana RLKs have been identified that recognize PAMPs or DAMPs (Boutrot and 

Zipfel, 2017). Fungal chitin is perceived by LysM-CONTAINING RECEPTOR-LIKE KINASE 5 

(LYK5), which acts together with its co-receptor CHITIN ELICITOR RECEPTOR KINASE 1 

(CERK1) to activate intracellular immune signalling in A. thaliana (Miya et al., 2007, 

Petutschnig et al., 2010, Cao et al., 2014). Bacterial cell wall component peptidoglycan (PGN) 
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triggers plant immune responses (Gust et al., 2007, Erbs et al., 2008). PGN is directly bound 

by the LysM-containing RLPs LYM1 and LYM3 and mediates defence signalling together with 

CERK1 (Willmann et al., 2011, Erbs and Newman, 2012). Lipopolysaccharides (LPS) are 

abundant structures on the surface of bacterial cells and induce plant immune responses 

(Silipo et al., 2005). Recently, the lectin S-domain RLK LORE from A. thaliana has been shown 

to be required for perception of LPS from various bacterial species (Ranf et al., 2015).  

Pathogens actively degrade the structural barriers of the plant during the infection process. 

After the breakdown of plant tissue, certain components can function as danger signals, 

generally considered as DAMPs, to induce innate immunity (Boller and Felix, 2009). For 

example, the plant cell wall component oligogalacturonide is perceived by the EGF-repeat 

containing WAK1 to initiate an immune response (Brutus et al., 2010). Similarly, perception 

of the endogenous wound-inducible peptide AtPep1 by the LRR-RLKs PEP RECEPTOR 1 

(PEPR1) and PEPR2 stimulates plant immune responses (Yamaguchi et al., 2006, Yamaguchi 

et al., 2010). The lectin-RLK DORN1 has been identified as a receptor for extracellular ATP, 

and is required for typical PAMP-induced immune responses (Choi et al., 2014). Recently, 

LecRK-I.8 has been identified in A. thaliana to bind extracellular NAD+ contributing to basal 

resistance against bacterial pathogens (Wang et al., 2017). 

1.4.2 Recognition of bacterial flagellin 

The bacterial flagellum is a long, thin filament extending from the cell surface, is composed 

of up to 20,000 molecules of flagellin proteins (FliC) and is a major driver of bacterial motility 

(Ramos et al., 2004). Flagellin has a conserved internal part that builds the architecture of 

the filamentous flagellum, and a surface exposed variable domain that differs in length 

between species with a molecular mass range from 28 to 80 kDa in the case of FliC (Ramos 

et al., 2004). Given its abundance and importance to bacterial life, flagellin is a potent elicitor 

of the innate immune systems of animals and plants (Fliegmann and Felix, 2016). In 

pathogenic species, flagellar motility is an important factor for colonization and virulence 

(Finlay and Falkow, 1997). Interestingly, the innate immune systems of both animals and 

plants independently evolved PRRs to detect bacterial flagellin (Figure 1.4) (Fliegmann and 

Felix, 2016). Plant FLS2 receptor and mammalian TOLL-LIKE RECEPTOR 5 (TLR5) bind specific 

epitopes of flagellin and trigger an immune response (Smith et al., 2003, Gomez-Gomez and 

Boller, 2000). The C- and N-terminus of FliC are embedded in the inner core forming the 

architectural structure of the flagellum and are therefore highly conserved in many species 

(Ramos et al., 2004). FLS2 specifically recognizes flg22, a highly conserved region in the N-

terminus of the protein comprising a sequence of 22-amino acid residues (Felix et al., 1999, 
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Gomez-Gomez et al., 1999), whereas mammalian TLR5 detects the conserved D1 domain on 

flagellin monomers (Smith et al., 2003). 

 

 

Figure 1.4. Distinct epitopes of flagellin are recognized by different PRRs from plants and 
animals. Bacterial flagellum is composed of multiple flagellin subunits. PAMP epitopes are recognized 
by plant PRRs (outlined in red), such as FLS2 in many angiosperms, FLS3 in tomato and other 
Solanaceae and the yet unknown FLSx in rice. Vertebrate PRRs TLR5 and NAIP5-NLRC4 perceive two 
distinct epitopes in the conserved domains (outlined in black). Figure originally from (Fliegmann and 
Felix, 2016). 

 

The 22-amino acids of the flg22 peptide represent an elicitor-active epitope of flagellin. 

Hence, many studies about plant immunity and immune signalling use the synthetic peptide 

flg22 based on the sequence of Pseudomonas aeruginosa, instead of the complete bacterial 

flagellin to elicit the plant immune system. Flagellin proteins may be cleaved or degraded 

during the infection process to reveal the immunogenic epitope (Felix et al., 1999, Gomez-

Gomez et al., 1999, Gomez-Gomez and Boller, 2000). Flg22 recognition seems to be 

conserved in most plant species and functional FLS2 orthologues have been characterized in 

rice (Oryza sativa) (Takai et al., 2008), Nicotiana benthamiana (Hann and Rathjen, 2007), 

tomato (Solanum lycopersicum) (Robatzek et al., 2007) and grapevine (Vitis vinifera) (Trda et 

al., 2014). However, differences in the specificity of flg22 recognition have been discovered. 

Shortened or modified flg22 peptides have revealed a differing elicitation potential. While 

the truncated flg15 peptide acts as an agonist in tomato, it has an antagonistic effect in A. 

thaliana (Felix et al., 1999, Bauer et al., 2001). Mutagenesis studies on FLS2 ectodomains 
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defined the species-specific LRRs involed in flg22 recognition (Dunning et al., 2007, Mueller 

et al., 2012). Together, functional and structural studies revealed that the flg22-FLS2 

recognition system follows the address-message concept, in which the N-terminus of flg22 

is required for binding and the C-terminus for receptor activation (Meindl, 2000, Sun et al., 

2013).  

Several studies have shown that perception of the same PAMP epitope varies quantitatively 

in different plant species and ecotypes (Albert et al., 2010, Veluchamy et al., 2014). For 

example, extensive variation in flg22 perception has been observed across a large set of A. 

thaliana accessions and Brassicaceae relatives. Both variability of FLS2 and of the signalling 

components downstream of receptor activation seem to contribute to quantitative variation 

in plant populations (Vetter et al., 2016, Vetter et al., 2012).  

Interestingly, plants seem to be able to recognize multiple epitopes within flagellin. Genome 

analysis of multiple field-isolated P. syringae strains revealed a domain of flagellin consisting 

of 28-amino acids, called flgII-28, that is under high positive selection pressure (Cai et al., 

2011). The flgII-28 peptide triggers ROS in tomato leaves as well as stomatal closure, and 

confers induced resistance to Pto DC3000 when infiltrated into plant leaves before spray 

infection with the pathogen (Cai et al., 2011). The Solanaceae-specific FLS3 has been 

identified as the receptor for flgII-28 peptide in tomato (Figure 1.4) (Hind et al., 2016). 

Furthermore, rice plants are able to detect an additional epitope of approximately 35 amino 

acid residues, termed CD2-1, in the C-terminal half of flagellin from the pathogen Acidovorax 

avenae (Figure 1.4) (Katsuragi et al., 2015). This indicates that at least three flagellin 

perception systems exist in plants. However, the corresponding receptor detecting the CD2-

1 epitope in the flagellin protein has not yet been identified. Together, these findings indicate 

that at least two flagellin perception systems seem to co-exist in tomato and in rice, where 

they would maximise plant defence and reduce the chance of PAMP evasion.  

1.4.3 Role of flagellin recognition in plant immunity 

The role of flagellin for recognition in resistance of A. thaliana towards pathogenic bacteria 

has been examined in several studies. Growth of the virulent pathogen Pto DC3000 after 

spray infection was restricted on A. thaliana ecotype Ler-0 plants carrying flagellin receptor 

FLS2 compared to fls2 mutants (Zipfel et al., 2004). Similarly, the ecotype Ws-0, which is a 

natural fls2 mutant and is more susceptible to Pto DC3000, but can be complemented by 

expression of a functional FLS2, thereby restricting pathogenic growth (Zipfel et al., 2004). 

This study presented the first evidence that PAMP detection affects bacterial virulence by 
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demonstrating that the lack of receptor benefits bacterial growth. Flagellin recognition by 

FLS2 has also been shown to contribute to resistance to non-host pathogens in A. thaliana. 

The tobacco pathogen P. syringae pv. tabaci (Ptab) ΔfliC mutant lacking the flagellin gene 

fliC could elicit disease symptoms and multiply in non-host A. thaliana plants compared to 

the avirulent wild-type strain (Li et al., 2005). Furthermore, the bean pathogen P. syringae 

pv. phaseolicola RW60 and a Pto hrpA- mutant lacking the type-3 secretion system (T3SS), 

which are both considered as non-host pathogens, showed enhanced growth and elicited 

stronger disease symptoms on Ler-0 wild-type compared to the fls2 mutant (de Torres et al., 

2006). FLS2 has been identified as a genetic determinant for basal resistance against 

compatible, non-host and non-pathogenic P. syringae in A. thaliana and N. benthamiana 

(Hann and Rathjen, 2007, Forsyth et al., 2010). Furthermore, suppression of FLS2-mediated 

immunity by type-3 secreted effectors and by coronatine are important for successful Pto 

DC3000 infection of A. thaliana (Hann and Rathjen, 2007, Zeng and He, 2010). Together, 

these studies strongly indicated the biological function of flagellin detection in plant defence, 

and the importance of flagellin perception to confer resistance against non-adapted and 

adapted Pseudomonas pathogens.  

Remarkably, Pto DC3000 ΔfliC showed similar growth as the wild-type strain after inoculation 

of A. thaliana by infiltration (Clarke et al., 2013). In contrast, two Ptab ΔfliC and ΔmotABCD 

mutants; defective in flagella and flagellar motor proteins respectively, are both impaired in 

motility and show reduced virulence in tobacco leaves (Ichinose et al., 2003, Kanda et al., 

2011, Ichinose et al., 2013). The contribution of flagellar motility to bacterial virulence seems 

to differ between the Pseudomonas species Pto DC3000 and Ptab. Likewise, the importance 

of flagellin recognition to basal resistance might be species-dependent. A study focussing on 

flagellin from Xanthomonas campestris pv. campestris (Xcc) revealed that a single amino acid 

residue in the flg22 sequence of a Xcc strain determined the elicitation capacity of FLS2-

dependent immune response in A. thaliana. Isogenic Xcc strains expressing eliciting-active 

or -inactive flagellin variants grew similarly on A. thaliana, independent of the infection 

method (Sun et al., 2006). The authors stated that possession of eliciting flagellin is not 

sufficient to restrict the growth of virulent Xcc in A. thaliana, and concluded that plant-

microbe interactions involve multiple layers of defence and counterdefence that shape the 

specific outcome of a natural infection, and might vary between respective host and 

pathogen species (Sun et al., 2006). Furthermore, particular experimental conditions might 

be necessary to visualize the contribution of flagellin to basal resistance. Reduced growth of 

the pathogen Pto DC3000 due to flg22 recognition was only observed when the plants were 
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infected by spraying the pathogen on the leaf surface but not by infiltration into the apoplast 

(Zipfel et al., 2004, Zeng and He, 2010). Defence against the adapted pathogen Pto DC3000 

might only be effective when the flg22-triggered immune response is activated in an early 

stage of the colonisation process. By infiltrating the bacteria into the plant tissue, the initial 

hurdles, such as stomatal immunity, are bypassed and further defensive action is not 

efficient enough to prevent infection. Additionally, other elicitors beside flagellin are present 

during the infection and may affect the outcome of the interaction. 

1.5 PTI signalling 

After extracellular ligand perception, intracellular signal transduction activates defence 

responses. Numerous elements have been identified that initiate signalling cascades and 

control proper functioning of the immune receptor complexes at the plasma membrane, 

including co-receptors, regulatory proteins and downstream substrates of signal 

transduction (Couto and Zipfel, 2016). The immune receptor FLS2 represents a paradigmatic 

example of research on PTI signalling in A. thaliana. The ectodomain of FLS2 can directly bind 

flg22 peptide, mediating intracellular immune signalling through auto- and 

transphosphorylation events with other components of the receptor complex, such as the 

co-receptor BRASSINOSTEROID INSENSTITIVE 1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) 

(Chinchilla et al., 2007, Heese et al., 2007, Schulze et al., 2010, Schwessinger et al., 2011). 

BAK1 (also called SERK3) belongs to the SOMATIC-EMBRYOGENESIS RECEPTOR-LIKE KINASE 

(SERK) family and is also involved in plant development through its association with the 

brassinosteroid (BR) receptor BR INSENSITIVE 1 (BRI1) (Li et al., 2002, Nam and Li, 2002). 

After ligand perception, FLS2 immediately oligomerizes with BAK1 and SERKs (Schulze et al., 

2010, Roux et al., 2011). Co-crystallization of flg22 peptide together with FLS2 (which has 28 

LRRs) and BAK1 (which has 5 LRRs) ectodomains gave further insight into the PAMP 

perception mechanisms (Sun et al., 2013). The crystal structure revealed that flg22 interacts 

with FLS2 in a binding groove formed by 14 LRRs and that the flg22 C-terminus is sandwiched 

between FLS2 and BAK1, suggesting that the ligand facilitates complex formation and acts as 

a molecular ‘glue’ between both receptors (Sun et al., 2013). Although BAK1 is not required 

for flg22 binding to FLS2, it is an essential co-receptor that is required for full signalling 

activation. BAK1 complex formation with FLS2 after flg22 treatment results in 

transphosphorylation events and activation of downstream responses (Chinchilla et al., 

2007, Schulze et al., 2010, Schwessinger et al., 2011, Roux et al., 2011, Sun et al., 2013, Heese 

et al., 2007). BAK1 also forms heteromers with EFR in a ligand-dependent manner and 
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positively regulates FLS2-, EFR- and PEPR1/2-mediated responses (Roux et al., 2011, 

Schwessinger et al., 2011). Furthermore, enhanced pathogen growth in BAK1-defective A. 

thaliana and Nicotiana benthamiana plants underline the major role of BAK1 in plant 

immunity (Heese et al., 2007, Roux et al., 2011, Chaparro-Garcia et al., 2011). 

Beside its role in BR signalling and PTI, BAK1 is involved in programmed cell death (PCD) 

regulation, together with its closest paralogue BAK1-LIKE1 (BKK1)/SERK4 (Kemmerling et al., 

2007, He et al., 2007). BKK1 seems to act partially redundantly with BAK1 in PTI signalling 

since BKK1 also interacts with FLS2 and EFR after PAMP treatment (Roux et al., 2011). 

However, the bak1-4 bkk1-1 double mutant exhibits pleiotropic defects in development and 

spontaneous cell death resulting in seedling lethality (He et al., 2007). The discovery of the 

BAK1 allele bak1-5, which is specifically impaired in PTI, but not in BR signalling or PCD 

control, allowed scientists to uncouple the function of BAK1 in PTI from the other pathways 

(Schwessinger et al., 2011). Subsequently, the non-lethal bak1-5 bkk1-1 double mutant was 

shown to be less sensitive to flg22, elf18, AtPep1 than the bak1-5 single mutants (Roux et 

al., 2011).  

Activated PRR complexes transduce the signal to initiate diverse cellular PTI responses. A 

family of receptor-like cytoplasmic kinases (RLCKs) containing BOTRYTIS INDUCED KINASE 1 

(BIK1), AVRPPHB SUSCEPTIBLE 1 (PBS1), PBS1-LIKE 1 (PBL1), and PBS1-LIKE 2 (PBL2) interact 

with FLS2 and possibly with BAK1 (Lu et al., 2010, Zhang et al., 2010). After flg22 perception, 

BIK1 is activated through transphosphorylation with the FLS2-BAK1 receptor complex and 

subsequently released from the complex, propagating signalling by phosphorylation of 

downstream components. The importance of the BIK1 subfamily members in PAMP 

signalling was confirmed genetically, as bik1, pbs1 and pbl1 mutants showed defective PTI 

responses to flg22, elf18, AtPep1 and chitin (Lu et al., 2010, Liu et al., 2013, Zhang et al., 

2010). Furthermore, bik1 plants are impaired in flg22-induced resistance and are more 

susceptible to non-virulent Pseudomonas syringae pv. tomato (Pto) DC3000 hrcC-, a mutant 

lacking the T3SS (Zhang et al., 2010). In addition, BIK1 is also involved in ethylene (ET) 

signalling and resistance to the necrotrophic pathogen Botrytis cinerea (Laluk et al., 2011, Liu 

et al., 2013). Several other RLCKs (e.g. PCRK1, BSK1) are also involved in PTI signalling (Figure 

1.3) (Couto and Zipfel, 2016). 

Some kinases of the immune receptor complex are also part of other signalling pathways. 

Beside the particular composition of the receptor complex, a distinctive phosphorylation 

pattern of receptor kinases and associated elements might determine the specificity of the 

signalling pathway (Schwessinger et al., 2011, Couto and Zipfel, 2016). Conclusions made 
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from studying FLS2 signalling complexes may also be applicable to other RLK signalling 

pathways, as common components are involved in different signalling complexes. 

Interestingly, heterologuous expression of AtEFR in N. benthamiana or in tomato plants, 

which lack an endogenous EF-Tu perception system, conferred responsiveness to elf18/26 

and resistance to multiple plant pathogens (Zipfel et al., 2006, Lacombe et al., 2010). This 

demonstrates that the elements downstream of EFR activation are conserved in different 

plant families. However, other PRR-PAMP systems, such as chitin perception in A. thaliana 

and rice, show differences between individual plant species regarding signal perception and 

signal transduction mechanisms (Couto and Zipfel, 2016). 

1.5.1 Immune responses after signal activation 

Immune signalling is initiated through activation of PRRs at the plasma membrane, which 

associate with cytoplasmic partners such as RLCKs, NADPH oxidases, MAPKs or calcium-

dependent protein kinases (CDPKs) and activate an array of PTI signalling outputs (Figure 1.3) 

(Couto and Zipfel, 2016). Plants with mutations in central components of the immune 

signalling pathways are compromised in specific immune responses triggered by PAMP 

perception and are usually more susceptible to infection with pathogens. 

Early signalling events after PAMP perception have been studied extensively and used as 

hallmarks for PTI responses (Boller and Felix, 2009, Yu et al., 2017). Within minutes of 

perception, plant cells respond with changes of ion fluxes, which lead to membrane 

depolarization and a transient influx of cytosolic Ca2+ from the apoplast that probably serves 

as second messenger to activate CDPKs and further downstream responses (Seybold et al., 

2014). Although the actual channel(s) mediating PAMP-induced Ca2+  influx remain to be 

discovered, pharmacological inhibition of Ca2+ channels before PAMP treatment resulted in 

a strong reduction of other immune responses such as ROS production, MAPK activation and 

defence gene induction in N. benthamiana (Segonzac et al., 2011, Ranf et al., 2011) and 

similarly in A. thaliana (Kwaaitaal et al., 2011). The PRR complex associated RLCKs BIK1 and 

PBL1 are required for the cytosolic Ca2+ burst (Ranf et al., 2014, Monaghan et al., 2015, Li et 

al., 2014).  

The PAMP-triggered oxidative burst is characterized by a rapid and transient production of 

ROS by the NADPH oxidase RBOHD in A. thaliana and the homologous RBOHB in N. 

benthamiana (Zhang et al., 2007, Segonzac et al., 2011, Nühse et al., 2007). The ROS burst 

may have various functions: directly harming microbes as a local toxin, contributing to cell 

wall cross-linking as a defence mechanism, and/or inducing defence responses as secondary 
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stress signals (Torres, 2010). RBOHD enzymes localize at the plasma membrane and have a 

C-terminal cytoplasmic extension with two Ca2+ binding EF-hand domains. Regulation of 

AtRBOHD in response to external stimuli has been linked to phosphorylation and calcium 

binding of the enzyme (Ogasawara et al., 2008, Torres, 2010). Interestingly, upon PAMP 

treatment BIK1 phosphorylates RBOHD at specific sites in a calcium-independent manner 

enhancing PAMP-induced ROS burst and contributing to antibacterial immunity (Li et al., 

2014, Kadota et al., 2014), again highlighting the central role of BIK1 during PTI signalling in 

A. thaliana. 

Another early response after PAMP treatment is the initiation of MAPK cascades, which leads 

to activation of transcription factors and massive changes in gene expression (Lee et al., 

2015). MAPK cascades consist of hierarchically ordered protein kinases that are activated by 

sequential phosphorylation events. The four enzymes MPK3, MPK4, MPK6 and MPK11 have 

been identified to play a role in PTI signalling in Arabidopsis (Meng and Zhang, 2013). The 

closely related MPK3 and MPK6 directly activate various WRKY transcription factors upon 

flg22 treatment (Asai et al., 2002). WRKY transcription factors are key players in the 

regulation of defence-related gene expression and act as positive or negative regulators on 

W-box sequences in the promoters of various pathogen-related genes (Pandey and 

Somssich, 2009). Almost 1,000 genes are induced and approximately 200 genes are down-

regulated within 30 minutes following flg22 or elf26 treatment (Boller and Felix, 2009). 

An example of the outcome of transcriptional reprogramming is the deposition of callose, a 

β-1,3-glucan polymer, at the infection site. Callose deposition is thought to reinforce the cell 

wall, however its specific mechanism conferring resistance against bacteria is not really 

understood (Boller and Felix, 2009). Mutant plants lacking the callose synthase PMR4 are 

more susceptible to Pto DC3000 hrcC- indicating that PMR4-dependent callose deposition 

contributes to antibacterial immunity (Kim et al., 2005).  

One of the main entrance points for bacteria to the inside of plant tissue are natural openings 

such as stomata (Melotto et al., 2008). Closure of stomata upon PAMP perception is a typical 

response of PTI and loss of PAMP-induced stomatal closure increases susceptibility to 

bacterial pathogens (Melotto et al., 2008, Zeng and He, 2010). Interestingly, the plant 

pathogen Pto DC3000 produces the phytotoxin coronatine, which counteracts stomatal 

closure and promotes bacterial virulence (Melotto et al., 2008, Zeng and He, 2010). 

Although these cellular responses are widely used in research as characteristics of plant 

defence, the underlying mechanisms and biological functions are not clear in every case. The 
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goal of future research is to understand how activation of PRR complexes is linked to the 

execution of immune responses and the establishment of immunity. 

1.5.2 Activation of PTI by beneficial bacteria 

PAMP perception and PTI signalling are well established for plant-pathogen interactions. 

Given that PAMPs are universal microbial signatures, they are also a feature of beneficial 

microbes. Increasing evidence suggests that symbiotic rhizobia and endophytic PGPR are 

initially recognized as potential invaders by the plant (Zamioudis and Pieterse, 2012, Cao et 

al., 2017). Association of plants with beneficial bacteria usually takes place in the rhizosphere 

and PTI signalling in roots seems to function similarly to foliar tissues. In roots, the 

PAMPs/DAMPs flg22, chitin, PGN and Pep1 trigger a similar response as in the shoot, 

including ROS production, MAPK phosphorylation, callose deposition and defense gene 

transcription (Millet et al., 2010, Poncini et al., 2017, Wyrsch et al., 2015). Interestingly, A. 

thaliana roots do not respond to the PAMP elf18 (Wyrsch et al., 2015, Millet et al., 2010). 

This demonstrates that there can be differences in PAMP perception and immune signalling 

between plant organs. Expression studies showed that A. thaliana roots express FLS2, but 

not EFR (Robatzek et al., 2006, Wyrsch et al., 2015, Beck et al., 2014). Transcription of a 

PAMP-inducible marker gene and typical immune responses were observed in A. thaliana 

roots after flg22, peptidoglycan and chitin application (Millet et al., 2010). Furthermore, 

heat-killed bacteria of a non-pathogenic P. fluorescens strain activated PTI responsive genes 

and callose deposition in roots (Millet et al., 2010). Other elicitors such as cell wall 

preparations, flagellin, siderophores and LPS originating from selected ISR-eliciting 

rhizobacteria had the potential to induce early immune responses in tobacco suspension 

cells (van Loon et al., 2008). Symbiotic rhizobia also trigger PTI, as Mesorhizobium loti triggers 

defence-associated responses in the legume Lotus japonicus, such as ethylene production, 

MAPK activation and defence gene transcription in a similar way to flg22 peptide (Lopez-

Gomez et al., 2012). Transcriptomic studies in different legume species reported initial 

upregulation of defence-related genes upon first encounter with its rhizobial symbiont and 

downregulation during the onset of symbiosis (Lohar et al., 2006, Libault et al., 2010, 

Breakspear et al., 2014). Overall, this indicates that rhizobia trigger an immune response at 

the beginning of the symbiotic process (Cao et al., 2017). Hence, similar to pathogenic 

bacteria, beneficials seem to employ elaborate strategies to evade recognition or suppress 

the immune response of the host. 
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1.6 Evasion and suppression of plant immunity 

Pathogens need strategies to overcome resistance and to cause disease in plants. Successful 

infection of many plant pathogens depends on the secretion of diverse virulence factors such 

as enzymes, toxins and other host manipulating molecules to the extracellular environment 

or directly into the host cytosol. The secretion of effector proteins to suppress host plant 

immunity has been extensively studied (Macho and Zipfel, 2015, Win et al., 2012). Besides 

the secretion of effector proteins, Pto DC3000 employs phytotoxins, plant hormones, EPS 

and detoxification enzymes to suppress plant immunity and to increase virulence (Ichinose 

et al., 2013, Xin and He, 2013). Beneficial bacteria might possess comparable abilities to 

overcome plant immunity including the deployment of effectors, EPS and modulation of the 

plant hormone system (Zamioudis and Pieterse, 2012, Loper et al., 2012). Besides active 

interference with PTI signalling, bacteria have evolved ways to circumvent PAMP detection 

by diversifying or modifying PAMP structures or sequences (Pel and Pieterse, 2013, Trdá et 

al., 2015). Post-translational modifications of PAMPs, such as glycosylation of flagellin, seems 

to be ubiquitous among different bacteria and contributes to their virulence, possibly due to 

evasion of PAMP recognition (Taguchi et al., 2003, Takeuchi et al., 2003, Hirai et al., 2011). 

Modulation of PAMP expression or accumulation was reported in several studies. A flagellin 

deletion mutant of the non-adapted P. syringae pv. tabaci shows increased virulence on the 

nonhost A. thaliana compared to wild-type (Li et al., 2005). Similarly, deletion of the flagellar 

gene cluster was observed in field populations of X. fuscans pv. fuscans, which were non-

motile but remained pathogenic on bean, suggesting an fitness advantage (Darrasse et al., 

2013). Furthermore, various bacteria secrete the alkaline protease AprA to degrade excess 

flagellin monomers released during plant infection (Pel et al., 2014, Bardoel et al., 2012).  

In the following section, I will summarize how allelic variation of PAMPs, secretion of effector 

proteins and EPS production help bacteria evade plant immunity. 

1.6.1 Allelic variation of PAMPs 

The innate immune system often targets for recognition microbial epitopes that are 

indispensable, evolutionarily conserved, and widely distributed. PAMPs are often highly 

conserved microbial structures. This allows the plant to detect a wide range of microbes with 

a limited set of PRRs. It is easy to imagine that selective pressure imposed by host-defence 

responses on the bacteria would lead to structural alterations resulting in avoidance of 

recognition. However, such alterations could result in a fitness cost, as PAMPs fulfil essential 

or vital cellular functions in the microbe. Hence, there are two opposing selective forces that 
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shape the evolution of PAMPs, with the outcome differing for each PAMP and species 

(McCann et al., 2012, Pel and Pieterse, 2013).  

Although many bacteria have identical N-terminal sequences of EF-Tu proteins, some plant-

associated species show diversity in the 18 amino acids of the immunogenic epitope elf18 

compared to the reference sequence of E. coli (Kunze et al., 2004, Lacombe et al., 2010). The 

elf18 epitope of the plant pathogens X. fastidiosa, Pto DC3000 and selected Xcc strains are 

polymorphic with four to five amino acid changes, and exhibit strongly reduced eliciting 

activity on A. thaliana (Kunze et al., 2004). The allelic diversity of elf18 epitopes represent a 

hint that even highly conserved structures like the EF-Tu protein can be adapted to evade 

immune recognition. 

Flagellin is widespread among many bacterial species and it seems to be the major elicitor of 

PTI in plant infections with Pto DC3000 (Smith and Heese, 2014). Interestingly, several 

bacterial species, such as Agrobacterium tumefaciens, Sinorhizobium meliloti (Felix et al., 

1999), Xanthomonas campestris pv. campestris (Xcc) (Wozniak et al., 2003, Sun et al., 2006), 

Mesorhizobium loti  (Lopez-Gomez et al., 2012) and Pseudomonas cannabina pv. alisalensis 

(formerly P. syringae pv. maculicola) ES4326 (Clarke et al., 2013) show non-synonymous 

mutations in the immunogenic epitope flg22 of the flagellin encoding gene fliC and are not 

recognized by AtFLS2. Furthermore, it has been suggested that alteration in the flg22 

sequence of the PGPR Burkholderia phytofirmans represents an adaptation to avoid 

recognition by FLS2 in the grapevine host (Trda et al., 2014). Thus, the natural variation of 

flg22 sequence may be due to evolutionary pressure to avoid recognition and shape the 

outcome of plant-bacteria interactions. 

Variation of flg22 sequence could not only be observed between different species, but also 

within different strains of a single species. As described above, flg22 alleles of Xcc strains 

show differences in their defence activation potential (Sun et al., 2006). A single amino acid 

change in the flg22 sequence is sufficient to attenuate or eliminate perception of flg22 by 

FLS2 in A. thaliana (Sun et al., 2006). However, the mutation had no effect on pathogen 

growth during infection. 

A comparative genome analysis of multiple isolates from the 1960s and today, collected in 

different locations around the world, gave new insights into the microevolution of the plant 

pathogen P. syringae (Cai et al., 2011). The two immunogenic flagellin domains flg22 and 

flgII-28 are under strong selective pressure, since diverse alleles of both domains have been 

found with differing immunogenic potential (Cai et al., 2011). It appears that an ancestral 

flgII-28 allele was completely replaced by a newly derived, less immunogenic variation in 
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most contemporary Pto DC3000 populations worldwide, suggesting that the pathogen 

continuously adapts to the host by minimizing its recognition by the tomato immune system 

(Cai et al., 2011). Furthermore, allelic variations of flg22 were found in different populations 

of Pto DC3000 exhibiting lower elicitation potential compared to the known epitope of Pto 

DC3000, which is similar to the reference flg22 epitope of P. aeruginosa, flg22Pa, and is a 

strong elicitor (Cai et al., 2011). This study indicates that growth of successful pathogens 

might be limited by PTI and pathogens are under selection pressure to further minimize 

PAMP recognition (Cai et al., 2011). The importance of allelic diversity in flg22 and flgII-28 in 

evading plant immunity was addressed in a study by the same group using purified peptides 

and a Pto ΔfliC mutant complemented with different fliC alleles (Clarke et al., 2013). The 

allelic diversity in fliC did not affect growth of Pto DC3000 in tomato; however, differences 

in disease development were observed. Yet, bacterial growth was significantly compromised 

in A. thaliana when Pto DC3000 carried a flgII-28 allele with a single amino acid mutation. 

fliC alleles differing in immunogenic potential were all expressed under control of their native 

promoters and in the same genetic background of Pto ΔfliC, ruling out further effects due to 

genetic variability. Furthermore, in vitro assays confirmed that the strains showed similar 

motility (Clarke et al., 2013). 

Accumulating evidence suggests that Rhizobium bacteria evade plant immunity during the 

symbiotic infection process (Cao et al., 2017, Gourion et al., 2015). The flg22 epitope of the 

legume symbiont Sinorhizobium meliloti, flg22Sm, is divergent in the otherwise conserved 

domain and does not elicit typical defence responses in plants (Felix et al., 1999). Neither 

crude flagellin extract nor synthetic flg22Sm peptide are able to trigger a ROS burst in A. 

thaliana (Felix et al., 1999). Additionally, it has been shown that Lotus japonicus is able to 

detect flg22Pa, but not the purified flagellin from its symbiont Mesorhizobium loti, which 

suggests that LjFLS2 is unable to perceive flagellin from the symbiotic partner (Lopez-Gomez 

et al., 2012). Activation of flg22-triggered immunity through external application of 

immunogenic flg22Pa during symbiosis negatively affects nodulation at an early stage (Lopez-

Gomez et al., 2012). Plant defence responses led to reduced rhizobial infections and delayed 

nodule organogenesis. However, flg22Pa had no effect on the formation of nodules once the 

symbiosis was established (Lopez-Gomez et al., 2012). These findings strongly suggest that 

Rhizobia have evolved to escape detection by FLS2. Reduced stimulation of plant defence 

might have provided an evolutionary advantage to establish the mutualistic interaction. 

A systematic approach to discover proteinaceous PTI elicitors took advantage of the 

contrasting selection forces imposed on PAMPs (McCann et al., 2012, Mott et al., 2016). 
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Screening of six bacterial plant pathogen genomes (three P. syringae and three X. campestris 

pathovars) for positively selected residues in a domain of strong negative selection led to the 

identification of several candidate elicitors that were subsequently validated in functional 

and cellular immune assays (McCann et al., 2012). In a similar and more extensive approach, 

the authors compared the genomes of 54 P. syringae strains and identified six new 

proteinaceous elicitors of plant immunity. A xanthine/uracil permease with its immunogenic 

epitope xup25 was successfully characterized as the ligand for the A. thaliana LRR-RLK XPS1 

(Mott et al., 2016).  

Together, the studies described above highlight PAMP diversity, such as flagellin, in natural 

bacterial isolates. Furthermore, they indicate that allelic diversity in immunogenic fliC 

domains is an efficient way in overcoming PTI. This underlines the importance of PAMP 

recognition defining the outcome of plant-microbe interactions.  

1.6.2 Bacterial type-3 secreted effectors 

A common strategy for all groups of pathogenic microbes to suppress PTI is the secretion of 

effector proteins. There are at least six secretion systems employed by Gram-negative 

bacteria to deliver proteins into the extracellular environment or directly into a recipient cell. 

These secretion pathways, type I to type VI, differ significantly in their composition, 

recognition of cargo and function (Chang et al., 2014). The T3SS, in particular, plays an 

essential role in pathogenicity and specific attention has been dedicated to identify T3SS 

effector (T3E) repertoires and their biological function. Bacteria secrete effectors during 

infection into the apoplast, or directly into the cytoplasm using a specialized T3SS (Lindeberg 

et al., 2012). These T3Es have the ability to alter host cell structures and to promote 

virulence. Suppressing plant immunity or modifying plant physiology to support pathogen 

growth are key functions of effectors. Interestingly, particular sets of host processes are 

frequently targeted by effectors. These effector-targeted pathways (ETP) include the 

immune system, nutrient distribution and development (Win et al., 2012, Block and Alfano, 

2011, Lindeberg et al., 2012). Each P. syringae strain can deliver approximately 15-20 

effectors into the cell during infection (Block and Alfano, 2011). Notably, mutants defective 

in the T3SS machinery are not pathogenic in host plants (Collmer et al., 2000). There are 

many examples of T3Es that specifically interfere with PAMP-induced signal transduction 

(Macho and Zipfel, 2015). Representative effectors targeting PTI are briefly mentioned: The 

two Pto DC3000 effectors AvrPtoB and AvrPto target several PRRs including FLS2, EFR and 

BAK1 to suppress PTI by inhibiting kinase activity and by degrading the receptor via 

ubiquitination in the case of AvrPtoB (Xiang et al., 2008, Shan et al., 2008, Gohre et al., 2008). 
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Furthermore, HopAI1 functions as a protein phosphothreonine lyase that inactivates MAPK 

signal transduction (Zhang et al., 2007) and HopAO1, a tyrosine phosphatase, reduces EFR 

phosphorylation thereby interfering with plant immune signalling (Macho et al., 2014). 

Notably, two T3SS effector proteins from different pathogens, AvrPphB a cysteine protease 

from P. syringae and AvrAC from Xcc, target BIK1 thereby interfering with PTI signalling 

(Zhang et al., 2010, Feng et al., 2012). 

The T3SS is also present in various non-pathogenic and symbiotic rhizobacteria (Preston et 

al., 2001, Tampakaki, 2014). T3E proteins RopAA, RopM and RopB have been discovered in 

P. fluorescens Q8r1-96 and shown to be capable of suppressing flg22-induced ROS burst in 

N. benthamiana and HR in N. tabacum leaves (Mavrodi et al., 2011). Rhizobia also secrete 

T3Es known as nodulation outer proteins (Nops). These show homology to effectors from 

pathogenic species and are thought to interfere with biological functions of the host (Deakin 

and Broughton, 2009). While there is evidence suggesting that rhizobia also use effectors to 

suppress plant immunity, only few rhizobial effectors (Nop proteins) have been characterized 

(Staehelin and Krishnan, 2015). Sinorhizobium sp. NGR234 translocates multiple T3Es, 

including NopM, NopL, NopP and NopT to interfere with immune signalling (Skorpil et al., 

2005, Dai et al., 2008, Xin et al., 2012b, Ge et al., 2016b). Translocation of Nop proteins into 

the cytoplasm of plant cells has been confirmed for NopP of S. fredii and NopE1 and NopE2 

of Bradyrhizobium japonicum (Schechter et al., 2010, Wenzel et al., 2010). In contrast to 

bacterial pathogens, where virulence is largely dependent on a functional T3SS, rhizobial 

effectors are not essential to establish effective symbiosis between Rhizobia and legume 

plants (Deakin and Broughton, 2009, Viprey et al., 1998, Marie et al., 2003). 

1.6.3 Production of bacterial exopolysaccharides  

EPS production is a common factor of bacteria colonizing the phyllo- and rhizosphere (Davey 

and O'Toole G, 2000) and has been associated with evasion or modulation of plant immunity 

(D'Haeze and Holsters, 2004, Silipo et al., 2010). An important process during plant infection 

by pathogenic bacteria is colonization of apoplastic spaces, while overcoming plant immune 

responses. Many plant pathogenic bacteria produce EPS during plant infection (Fett and 

Dunn, 1989, Brown et al., 1993, McGarvey et al., 1999). The virulence of numerous bacteria 

species including P. syringae and X. campestris has been correlated with their ability to 

produce EPS in planta (Fett and Dunn, 1989, Yu et al., 1999, Kemp et al., 2004, Yun et al., 

2006).  
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A mechanistic explanation for the role of EPS in virulence has been suggested by a study 

showing that EPS interferes with PTI signalling by chelating calcium ions (Ca2+) in the apoplast 

(Aslam et al., 2008). Infiltration of purified EPS from different species in A. thaliana leaves 

inhibits the PAMP-induced Ca2+ influx, ROS burst and defence-related gene expression 

(Aslam et al., 2008). EPS-defective mutants, for example a X. campestris pv. campestris (Xcc) 

mutant lacking xanthan or a Pto DC3000 mutant lacking alginate, are less virulent compared 

to wild-type bacterial strains on A. thaliana. Importantly, EPS did not impair binding of flg22 

to FLS2 (Aslam et al., 2008). Beside its role in suppression of PTI, bacterial EPS production 

has been associated with protection against H2O2 damage (Lehman and Long, 2013) and 

epiphytic fitness (Poplawsky and Chun, 1998, Yu et al., 1999, Kemp et al., 2004, Dunger et 

al., 2007). 

1.7 Conclusion 

Plants have beneficial and pathogenic associations with microbes. Perception of PAMPs 

leads to PTI that efficiently protects the plant against a broad range of pathogens. Successful 

pathogens must evolve virulence strategies to overcome PTI and to cause disease. This is 

often achieved through evasion of PAMP recognition and/or secretion of virulence effectors 

to suppress PTI. The microbial community in the rhizosphere and phyllosphere critically 

affect plant physiology and performance. Nitrogen-fixing rhizobia form an intimate symbiosis 

with the leguminous host. Many other plant-growth promoting rhizobacteria with 

commensal lifestyles modulate both plant growth and disease suppression. Nonetheless, 

beneficial bacteria are also exposed to potential immune recognition and must have 

strategies to evade and/or suppress PTI. The secretion of EPS may be a common strategy 

applied by pathogenic and commensal bacteria to evade plant immunity. Furthermore, allelic 

variation in immunogenic epitopes, such as flg22 and elf18, help the bacteria to evade PAMP 

recognition. It is currently unclear whether the variability in PAMP epitopes observed in 

various bacteria species reflects an adaptive response underlying the interaction outcome 

and contributes to the success of the bacteria as pathogens or symbionts. 

1.8 Aim of the thesis 

It is becoming increasingly evident that the microbiota of rhizosphere or phyllosphere play 

important roles in the adaptation of the plant to its environment. Both beneficial and 

pathogenic bacteria potentially elicit plant immunity and must have strategies to evade 

and/or suppress PTI. Besides the secretion of effector proteins, other factors including EPS 
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production contribute to a successful bacterial infection. Furthermore, it is currently unclear 

whether PAMP recognition has an impact on the interaction of plants with beneficial 

bacteria. 

In this thesis, I focus on two complementary projects exploring the molecular interaction 

between plants with pathogenic, commensal and symbiotic bacteria: 

1) I aim to study the role of bacterial exopolysaccharides from Pseudomonas during plant 

infection. The underlying hypothesis is that EPS produced by beneficial and pathogenic 

bacteria help them to evade and/or suppress plant immune responses. Additionally, I 

examine the contribution of the bacterial signalling molecule cdG, which controls the 

transition between sessile and motile lifestyles, including EPS and flagella production, to 

evasion of plant immunity. 

2) The transfer of plant immune receptors detecting pathogen-associated molecular patterns 

(PAMPs) to crops can increase resistance against pathogens. However, it is currently unclear 

whether this gain of recognition specificity affects the interaction with beneficial bacteria. 

To this end, I aim to study the relevance of PAMP recognition, such as of the immunogenic 

flg22 and elf18 epitopes, during symbiotic plant-rhizobia interactions. 
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2.1 Plants and growth conditions 

All plants were grown in soil in single pots in controlled environment rooms with 120-180 

µmol m-2 s-2 light intensity and 75-80% rel. humidity. A. thaliana and N. benthamiana were 

grown at 22°C with a 10-hour or 16-hour light period, respectively. M. truncatula was grown 

at 20°C with 16-hour light period. 

A. thaliana seeds were sown on Levington F2 compost and vernalized at 4°C for 7 days before 

germination. Two-week-old seedlings were individually transferred to single pots filled with 

compost mix containing Levington F2 supplemented with grit and systemic insecticide 

Exemptor (Bayer CropScience Ltd, Cambridge, UK). The A. thaliana mutants and transgenic 

lines used in this study were produced in the background of the ecotype Columbia (Col-0), 

and have been described previously as follows: efr-1 (Zipfel et al., 2006), fls2c (Zipfel et al., 

2004), efr fls2 (Zipfel et al., 2006), bak1-5 bkk1-1 (Schwessinger et al., 2011, Roux et al., 

2011), lym3-1 (Willmann et al., 2011), cerk1-2 (Miya et al., 2007), bak1-5 bkk1-1 cerk1-2 (Xin 

et al., 2016) and fls2 efr-1 cerk1-2 (Gimenez-Ibanez et al., 2009b).  

M. truncatula seeds were scarified with 98% sulfuric acid treatment for 8 min, extensively 

washed with water and then surface-sterilized with 10% NaOCl for 2 min. After washing with 

sterile water, the seeds were left for 3 h to imbibe water before being placed on inverted 

agar plates in the dark for 3 days at 4°C and subsequently germinated over-night at 20°C. For 

sterile growth, seedlings were transferred to squared 1% water agar plates and sandwiched 

between two Whatman filter papers (GE Healthcare, UK). Plates were incubated vertically in 

a growth chamber at 21°C, with a 16h light period and 80% rel. humidity. 

For growth in soil, germinated seedlings were transferred to sterile 1:1 mixture of terragreen 

(Oil-dry UK ltd, UK) and sharp sand (BB Minerals, UK) for rhizobial infections, in loam based 

compost (John Innes Cereal Mix) for seed bulking, or in Jiffy Peat Pellets for inoculation with 

Ralstonia solanacearum. 

2.2 Bacterial strains and growth conditions 

Pto DC3000 was grown in King’s medium B (KB, protease peptone 20 g/L, glycerol 10%, 

K2HPO4 1.6 g/L)) or L-medium (tryptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L, D-glucose 1 

g/L) at 28°C, Pf-5 in lysogenic broth (LB, tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L) at 

28°C and PA01 in LB at 37°C. S. meliloti strain 1021 (also known as Rm1021) pXLGD4 

phemA::lacZ (Sm1021-lacZ) (Leong et al., 1985) was grown at 30°C in TY medium (tryptone 5 

g/L, yeast extract 3 g/L, CaCl2   6 H2O 1.325 g/L) containing appropriate antibiotics, 
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streptomycin 50 µg/mL and tetracycline 12.5 µg/mL. R. solanacearum strain GMI1000 was 

grown at 28°C in complete BG medium (bacto peptone 10 g/L, casamino acid 1 g/L, yeast 

extract 1 g/L). E. coli was grown in LB medium at 37°C. 

Table 2.1. Bacterial species and strains used in this thesis. 

Species/strain Relevant 
characteristics 

Additional information Antibiotic 
resistance 

Reference or 
source 

Escherichia coli DH5α Strain used for 
cloning and 
plasmid 
storage 

  Invitrogen 

E. coli S17-1 Conjugation 
donor strain 

recA pro hsdR RP4-2-
Tc::Mu-Km::Tn7 
integrated into the 
chromosome 

Strep, Spec, 
Trim 

(Simon et al., 
1983), ATCC 
47055 

Sinorhizobium 
meliloti 1021 

Wild-type  Strep (Meade et al., 
1982) 

S. meliloti 1021 ΔflaA flaA deletion 
strain 

ΔflaA Strep This study 

S. meliloti 1021 flaA-
flg22Pa c1 (ΔflaA) 

flaA deletion 
strain 

flaA-flg22Pa allele was 
introduced into ΔflaA 
background, but was 
excised during second 
homologous 
recombination 

Strep This study 

S. meliloti 1021 flaA-
flg22Pa c5 

flg22 allele 
replacement 
strain 

flaA-flg22Pa allele was 
introduced into ΔflaA 
background 

Strep This study 

S. meliloti 1021 
flg22Pa c2 

flg22 allele 
replacement 
strain 

flg22Pa allele was 
introduced into wild-type 
background 

Strep This study 

S. meliloti 1021 
flg22mod c5 

flg22 allele 
replacement 
strain 

flg22mod allele was 
introduced into wild-type 
background 

Strep This study 

S. meliloti 1021-lacZ Constitutive 
lacZ expression 

pXLGD4 phemA::lacZ Strep, Tet (Leong et al., 
1985) 

Ralstonia 
solanacearum 
GMI1000 

Wild-type   (Salanoubat 
et al., 2002) 

Pseudomonas 
syringae pv. tomato 
(Pto) DC3000 

Wild-type  Rif (Cuppels, 
1986) 

Pto DC3000 Δalg Alginate 
deficient strain 

ΔalgG ΔalgX Rif This study 

Pto DC3000 Δpsl Psl deficient 
strain 

ΔpslD ΔpslE Rif This study 

Pto DC3000 Δwss Wss 
(acetylated 
cellulose) 
deficient strain 

ΔwssB ΔwssC Rif This study 
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Pto DC3000 Δalg/psl See above ΔalgG ΔalgX ΔpslD ΔpslE Rif This study 

Pto DC3000 Δalg/wss See above ΔalgG ΔalgX ΔwssB 
ΔwssC 

Rif This study 

Pto DC3000 Δpsl/wss See above ΔpslD ΔpslE ΔwssB 
ΔwssC 

Rif This study 

Pto DC3000 
Δalg/wss/psl 

See above ΔalgG ΔalgX ΔwssB 
ΔwssC ΔpslD ΔpslE 

Rif This study 

Pseudomonas 
protegens Pf-5 

Wild-type  Carb, Nitr,  
Nal 

(Paulsen et 
al., 2005, 
Howell and 
Stipanovic, 
1979) 

P. protegens Pf-5 
Δalg 

Alginate 
deficient strain 

ΔalgG ΔalgX Carb, Nitr,  
Nal 

This study 

P. protegens Pf-5 
Δpel 

Pel deficient 
strain 

ΔpelB ΔpelC Carb, Nitr,  
Nal 

This study 

P. protegens Pf-5 
Δpsl 

Psl deficient 
strain 

ΔpslD ΔpslE Carb, Nitr,  
Nal 

This study 

P. protegens Pf-5 
Δalg/pel 

See above ΔalgG ΔalgX ΔpelB ΔpelC Carb, Nitr, 
 Nal 

This study 

P. protegens Pf-5 
Δalg/psl 

See above ΔalgG ΔalgX ΔpslD ΔpslE Carb, Nitr,  
Nal 

This study 

P. protegens Pf-5 
Δpel/psl 

See above ΔpelB ΔpelC ΔpslD ΔpslE Carb, Nitr,  
Nal 

This study 

P. protegens Pf-5 
Δalg/pel/psl 

See above ΔalgG ΔalgX ΔpelB ΔpelC 
ΔpslD ΔpslE 

Carb, Nitr,  
Nal 

This study 

Pseudomonas 
aeruginosa PA14 

Wild-type  Amp, Kan Robert Ryan, 
University of 
Dundee, 
Dundee, UK 

P. aeruginosa PA01  Wild-type  Amp, Kan (Stover et al., 
2000), ATCC 
15692 

P. aeruginosa PA01 
pelG::Tn5/ΔpslAB 

Pel and Psl 
deficient strain 

pelG::Tn5 ΔpslAB Amp, Kan, 
Tet, Gent 

(Malone et 
al., 2010) 

Agrobacterium 
tumefaciens 
GV3101:: pMP90 

Virus-induced 
gene silencing 

pBINTRA6 - TRV-RNA1 Kan, Gent,  
Rif 

(Peart et al., 
2002) 

A. tumefaciens 
GV3101:: pMP90 

Virus-induced 
gene silencing 

pTV00 - TRV:SU Kan, Gent,  
Rif 

(Peart et al., 
2002) 

A. tumefaciens 
GV3101:: pMP90 

Virus-induced 
gene silencing 

pTV00 - TRV:GFP Kan, Gent,  
Rif 

(Peart et al., 
2002) 

A. tumefaciens 
GV3101:: pMP90 

Virus-induced 
gene silencing 

pYY13 - NbFls2 Kan, Gent, 
Rif 

(Saur et al., 
2016) 

A. tumefaciens AGL1 Plant 
transformation 

pBIN19-CaMV35S::EFR-
HA 

Kan (Lacombe et 
al., 2010) 
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Antibiotics abbreviations: Strep, streptomycin; Spec, spectinomycin; Trim, trimethoprim; Rif, 
rifampicin; Carb, carbenicillin; Nitr, nitrofurantoin; Nal, nalidixic acid; Amp, ampicillin; Kan, 
kanamycin; Tet, tetracycline; Gent, gentamycin. 

 

2.3 Bacterial transformation and genetic modification 

Pseudomonas spp. were transformed by electroporation or conjugation. The wspR19 allele 

was obtained from P. fluorescens SBW25 wspR carrying a R129C mutation resulting in 

constitutive DGC activity (Goymer et al., 2006). wspR19 was cloned into a broad-host-range 

pBBR-MCS2/5 (pBBR2/5) plasmids (Kovach et al., 1995) between the BamHI and EcoRI sites. 

Pto DC3000 and P. protegens Pf-5 were transformed with pBBR2-wspR19 or pBBR2 empty 

vector and grown in medium supplemented with 25 μg/mL kanamycin. P. aeruginosa PA01 

containing pBBR5-wspR19 or the pBBR5 empty vector were grown in medium supplemented 

with 30 μg/mL gentamycin. 

Chromosomal gene deletions and allele replacements were made via an adaptation of the 

protocol described elsewhere (Hmelo et al., 2015). Briefly, 500-600 bp homologous flanking 

regions to the target genes were PCR-amplified and ligated into the suicide vectors pTS1 

(NCBI GeneBank: KX931445) (Scott et al., 2017) or pME3087 (NCBI GenBank: KX931444) 

(Voisard et al., 2007) for Pseudomonas transformation. The pTS1 vector is based on pME3087 

and additionally contains a sacB gene allowing counter-selection on sucrose plates. 

Constructs for allele replacement in S. meliloti were synthesised to exchange the sequence 

encoding the flg22 epitope of the chromosomal flaA gene for flg22Pa (Figure A8.7) and 

flg22mod (Figure A8.8) into Sm1021 wild-type background or to complement Sm ΔflaA with 

the full length flaA-flg22Pa gene (Figure A8.9). Synthesised constructs were ligated into the 

pJQ200SK vector (Quandt and Hynes, 1993) and transformed by conjugation using E. coli S17-

1.  

Gene deletion was done by allelic exchange in a two-step homologous recombination 

process. Pto DC3000 was grown over-night in 50 mL L-medium and repeatedly washed in 300 

mM sucrose. Cells were transformed with 50-100 ng of the gene deletion constructs in pTS1 

vector by electroporation (2 mm electroporation cuvettes; Geneflow Ltd, Lichfield, UK) with 

2500 Volt. Subsequently, cells were recovered in 3 mL L-medium incubated at 28°C for 3 h 

shaking. Colonies with successful homologous recombination leading to chromosomal 

integration of the plasmid were selected on plates containing 12.5 µg/mL tetracycline. 

Isolated colonies were grown in 50 mL L-medium overnight and a dilution series was plated 

on L-medium agar plates containing 5% sucrose to select for cells with a second homologous 
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recombination event, resulting in excision of the plasmid and in-frame deletion of the 

respective genes leaving 6-15 bp between the intact start and stop codons. 

P. protegens Pf-5 was transformed by conjugation with E. coli S17-1 carrying the gene 

deletion constructs in pME3087 vector. Donor strain E. coli S17-1 and recipient P. protegens 

Pf-5 were grown overnight in 5 mL LB medium. Donor and recipient strains were washed, 

mixed in 1:2 ratio, spotted on sterile filter paper (0.22 µm; Milipore, Watford, UK) placed on 

LB agar plates and incubated overnight at 30°C. Cell mixture was scrapped off the filter paper, 

re-suspended, and a dilution series was plated on LB plates containing tetracycline 25 µg/mL 

and nitrofurantoin 100 µg/mL. Individual colonies were grown overnight in 50 mL LB medium 

and diluted 1:50 in fresh 5 mL LB medium to counter-select against cells with an integrated 

plasmid conferring tetracycline resistance. Multiple antibiotics were added to the 5 mL-

culture in subsequent steps. Tetracycline was added in bacteriostatic concentration of 5 

µg/mL during early exponential growth phase to arrest growth of cells that have lost the 

integrated plasmid. Tetracycline 5 µg/mL, piperacillin 2 mg/mL and phosphomycin 2 mg/mL 

were added in the mid exponential growth phase to maintain growth stasis in the 

tetracycline sensitive population, and to kill actively dividing cells. Next, a dilution series of 

the culture was plated on LB agar plates and incubated for two days at 30°C. Isolated colonies 

were re-streaked and tested for tetracycline sensitivity.  

S. meliloti 1021 was transformed by conjugation with E. coli S17-1 carrying the gene 

replacement/deletion constructs in the pJQ200SK vector. Sm1021 was grown overnight in 

10 mL TY medium until saturation and E. coli S17-1 in 5 mL LB medium until OD600 = 0.6. 

Donor and recipient strains were washed, mixed in 1:2 ratio, spotted on sterile filter paper 

(0.22 µm; Merck Millipore, Watford, UK) placed on LB agar plates and incubated overnight 

at 30°C. Cell mixture was scraped off from the filter paper, re-suspended and dilution series 

plated on TY plates containing gentamycin 25 µg/mL and nitrofurantoin 100 µg/mL or 

nalidixic acid 25 µg/mL. Isolated colonies were grown in 50 mL TY culture without antibiotics 

and counter-selection was done on TY plates containing 5% sucrose. In all cases, deletion 

strains were confirmed by PCR and sequencing. 

Table 2.2. Plasmids used in this thesis. 

Plasmid Relevant 
characteristics 

Additional information Antibiotic 
resistance 

Reference or 
source 

pBBR-MCS2 Broad host-
range vector 

 Kan (Kovach et al., 
1995) 

pBBR-MCS5 Broad host-
range vector 

 Gent (Kovach et al., 
1995) 
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pME3087 Suicide plasmid ColE1 origin of replication Tet (Voisard et al., 
2007) 

pTS1 Suicide plasmid pME3087 derivative, 
sacB 

Tet (Scott et al., 
2017) 

pJQ200SK Suicide plasmid pACYC derivative, P15a 
origin of replication, 
lacZ sacB traJ 

Gent (Quandt and 
Hynes, 1993) 

Antibiotics abbreviations: Kan, kanamycin; Tet, tetracycline; Gent, gentamycin. 

 
Table 2.3. Oligonucleotide primers used in this thesis.  

ID Name Sequence (3‘-5‘) Purpose 

532 PFL_1019/8 UPF  CGGGATCCCCGAGTACGAACA
GAACG 

Pf-5 deletion of PFL_1019 (algG) – 
PFL_1018 (algX); (encodes BamHI) 

533 PFL_1019/8 UPR  CGTCTAGAAGTAGGCATGTCG
GGCAC 

Pf-5 deletion of PFL_1019 (algG) – 
PFL_1018 (algX); (encodes XbaI) 

534 PFL_1019/8 DNF  CGTCTAGAGCGCAGATCGGGC
AATGAG 

Pf-5 deletion of PFL_1019 (algG) – 
PFL_1018 (algX); (encodes XbaI) 

535 PFL_1019/8 DNR CGGAATTCCCATTTGCGCATGG
ACTTG 

Pf-5 deletion of PFL_1019 (algG) – 
PFL_1018 (algX); (encodes EcoRI) 

536 PFL_2973/4 UPF  CGGGATCCAAGCAGGCGTCGA
TCAAG 

Pf-5 deletion of PFL _ 2973 (pelB) 
– PFL_ 2974 (pelC); (encodes 
BamHI) 

537 PFL_2973/4 UPR CGTCTAGACGCCTTGGCCTTAG
TTGC 

Pf-5 deletion of PFL _ 2973 (pelB) 
– PFL_ 2974 (pelC); (encodes XbaI) 

538 PFL_2973/4 DNF  CGTCTAGAGAGTGACTGCCAT
GAAC 

Pf-5 deletion of PFL _ 2973 (pelB) 
– PFL_ 2974 (pelC); (encodes XbaI) 

539 PFL_2973/4 DNR CGGAATTCAAGCTCTGGTCGCT
GC 

Pf-5 deletion of PFL _ 2973 (pelB) 
– PFL_ 2974 (pelC); (encodes 
EcoRI) 

540 PFL_4210/1 UPF  CGGGATCCATCATCGACACTCC
GGAC 

Pf-5 deletion of PFL_4210 (pslD) – 
PFL_4211 (pslE); (encodes BamHI) 

541 PFL_4210/1 UPR CGTCTAGATTTCATCGAGCGGT
CTTCC 

Pf-5 deletion of PFL_4210 (pslD) – 
PFL_4211 (pslE); (encodes XbaI) 

542 PFL_4210/1 DNF  CGTCTAGATGATGCACATTGCC
CTG 

Pf-5 deletion of PFL_4210 (pslD) – 
PFL_4211 (pslE); (encodes XbaI) 

543 PFL_4210/1 DNR CGGAATTCATCACCACCATCTG
CTC 

Pf-5 deletion of PFL_4210 (pslD) – 
PFL_4211 (pslE); (encodes EcoRI) 

598 Pf-5 alg ctrl fwd  GACCCGAACTGGCAAGTG Confirm gene deletion with 
outside-outside primers 

599 Pf-5 alg ctrl rev  GCAGGTTGTCCCAGTCGC Confirm gene deletion with 
outside-outside primers 

600 Pf-5 wapR ctrl fwd  GAGGCCTTGCAGCATTCC Confirm gene deletion with 
outside-outside primers 
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601 Pf-5 wapR ctrl rev  CACCAGGCACTCTGCAAG Confirm gene deletion with 
outside-outside primers 

602 Pf-5 pel ctrl fwd  CACCTGTACTACCACTTC Confirm gene deletion with 
outside-outside primers 

603 Pf-5 pel ctrl rev  CCAAGAGGCTCAGCTGTG Confirm gene deletion with 
outside-outside primers 

604 Pf-5 psl ctrl fwd  GTGATGGAGCGCTCGAAG Confirm gene deletion with 
outside-outside primers 

605 Pf-5 psl ctrl rev CCCTTGCCGCGGTAGATG Confirm gene deletion with 
outside-outside primers 

763 Pto alg UPF CGGGATCCAAGGACTACATCC
AGAAC 

Deletion of alg operon (algG-algX) 
in Pto DC3000 

764 Pto alg UPR CGTCTAGAGCTGTTCATCTCTG
GCAC 

Deletion of alg operon (algG-algX) 
in Pto DC3000 

765 Pto alg DNF CGTCTAGAGCTGGACTATGAG
GTGAC 

Deletion of alg operon (algG-algX) 
in Pto DC3000 

766 Pto alg DNR CGCATATGAAGCAGAGGACAT
GCTGC 

Deletion of alg operon (algG-algX) 
in Pto DC3000 

767 Pto psl UPF CGGGATCCATTGCCCAGGAAC
TCAAGC 

Deletion of psl (pslD-pslE) operon 
in Pto DC3000 

768 Pto psl UPR CGTCTAGACATCGTTCCTGAGC
TCCTG 

Deletion of psl (pslD-pslE) operon 
in Pto DC3000 

769 Pto psl DNF CGTCTAGAATAGGGAGCCGTG
GCTGATG 

Deletion of psl (pslD-pslE) operon 
in Pto DC3000 

770 Pto psl DNR CGCATATGGATCACCACCATCT
GCGTGG 

Deletion of psl (pslD-pslE) operon 
in Pto DC3000 

771 Pto wss UPF CGGGATCCTTGATGAGCGTCG
TTCTC 

Deletion of wss operon (wssB-
wssC) in Pto DC3000 

772 Pto wss UPR CGTCTAGACGACAGGTTAGTC
ATGAC 

Deletion of wss operon (wssB-
wssC) in Pto DC3000 

773 Pto wss DNF CGTCTAGAGAATAAGTCATGC
CGACC 

Deletion of wss operon (wssB-
wssC) in Pto DC3000 

774 Pto wss DNR CGCATATGAACGGTCTTGAGC
AGTGC 

Deletion of wss operon (wssB-
wssC) in Pto DC3000 

789 Pto alg ctrl R CAGCGGCAGATTGCTCCAGTC Control deletion of algG-algX in 
Pto DC3000; use with Pf-5 alg ctrl 
F 

790 Pto psl ctrl F GTCGCAGCCAGGACGTCAAG Control deletion of pslD-pslE in 
Pto DC3000 

791 Pto psl ctrl R CAGGCTCGATGGCCACGTTG Control deletion of pslD-pslE in 
Pto DC3000 

792 Pto wss ctrl F GTTGGCCTATGGCTCGCTGC Control deletion of wssB-wssC in 
Pto DC3000 
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793 Pto wss ctrl R CAGGCTCGATGGCCACGTTG Control deletion of wssB-wssC in 
Pto DC3000 

1001 Sm flaA UPF L CGGGATCCATGGCGATGTCGG
GAATTGC 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1002 Sm flaA UPF  CGGGATCCTGCAGCTCTTCATC
GACATC 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1003 Sm flaA UPR GCTCTAGAGCTCGTCATATTCG
TTGTCC 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1004 Sm flaA DNF GCTCTAGACGCTAAGAAGACA
TGCAATGG 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1005 Sm flaA DNF CGGGATCCGGAAAGGGCCATA
TTGTCGG 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1006 Sm flaA DNF L CGGGATCCGCCGACCGTGTAC
TCAGA 

Deletion of flaA in Sinorhizobium 
meliloti 1021 

1007 Sm flaA ctrl fwd CCAATGATTCGCTGATGCTCC Control of deletion of flaA in 
Sinorhizobium meliloti 1021 

1008 Sm flaA ctrl rev GACCTTGACATAATCGCCAGC Control of deletion of flaA in 
Sinorhizobium meliloti 1021 

1346 Sm flaA ctrl 2 f ATCCATCACGAGTTGAGCGG Test site directed mutagenesis 

1347 Sm flaA ctrl 2 r GTCCGCCATTGCATGTCTTC Test site directed mutagenesis 

1348 Sm flaA ctrl 3 f CCATCGAAAGGACGGGCTAA Test site directed mutagenesis 

1349 Sm flaA ctrl 3 r CGGCCGGCAATTTCGAATAT Test site directed mutagenesis 

1073 pJQ200SK -16 fwd TCACTATAGGGCGAATTG pJQ200SK plasmid outside MCS 

1074 pJQ200SK +27 rev CACTAAAGGGAACAAAAGC pJQ200SK plasmid outside MCS 

1075 MtFLS2 fwd CATTGCTGCACTTGGATCTC Genotyping Medicago Tnt1 
transposon line 

1076 MtFLS2 rev AAGGATGTTGGAAGGCTTTAG Genotyping Medicago Tnt1 
transposon line 

1077 Tnt1-R fwd AGTGAACGAGCAGAACCTGTG Genotyping Medicago Tnt1 
transposon line 

1078 Tnt1-F rev AGTGCTACCTCCTCTGGATG Genotyping Medicago Tnt1 
transposon line 

Mt1 FLS2 5’end Fwd 
 

AAACCAGGCTCTTTGTGGAG qPCR Medicago FLS2 

Mt2 FLS2 5’end Rev 
 

ACAGCAAGAGATCCAAGTGC qPCR Medicago FLS2 

Mt3 FLS2 3’end Fwd TGCAAATGGAACGGAACAGC qPCR Medicago FLS2 

Mt4 FLS2 3’end Rev AGGGTGCAGCACAATGAAAG qPCR Medicago FLS2 

Mt5 UBQ Fwd GCAGATAGACACGCTGGGA qPCR Medicago Ubiquitin 

Mt6 UBQ Rev CAGTCTTCAAAACTCTTGGGCA
G 

qPCR Medicago Ubiquitin 

Mt7 PDF2 Fwd GTGTTTTGCTTCCGCCGTT qPCR Medicago PDF2 
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Mt8 PDF2 Rev CCAAATCTTGCTCCCTCATCTG qPCR Medicago PDF2 

Mt9 UBQ gDNA Fwd GCAGATAGACACGCTGGGA Test for gDNA contamination in 
Medicago 

Mt10 UBQ gDNA Rev CTCTTGAGCTTGTGGCCAGT Test for gDNA contamination in 
Medicago 

Mt11 FLS2 gDNA Fwd AAACCAGGCTCTTTGTGGAG Test for gDNA contamination in 
Medicago 

Mt12 FLS2 gDNA Rev AGGGTGCAGCACAATGAAAG Test for gDNA contamination in 
Medicago 

 

2.4 Bacterial phenotypic tests 

Colony morphologies were examined for 5 µL spots of Pseudomonas overnight cultures, after 

overnight incubation at 28°C on 1.3% agar minimal media (M9 salts, 0.4% pyruvate) plates 

containing 0.004% Congo Red dye. Pictures were taken with Leica M165 FC microscopy 

systems (Leica, Wetzlar, Germany). To measure swimming motility, 0.3% KB agar plates 

containing the appropriate antibiotics were poured and allowed to set and dry for 1 h in a 

sterile flow chamber. Plates were inoculated with 2 µL spots of Pseudomonas overnight 

cultures, and incubated for two days at room temperature. 

Swimming motility in S. meliloti 1021 was assessed on TY media or SM media (K2HPO4, 100 

mg/L, KH2PO4 · 3H2O, 400 mg/L, NaCl, 100 mg/L, yeast extract, 400 mg/L, MgSO4 · 7H2O, 200 

mg/L, CaCl2 · 2H2O, 100 mg/L, glycerol, 0.2%) containing 0.3% agar and allowed to set and 

dry for 1 h in a sterile laminar flow chamber. One microliter bacterial suspension was stabbed 

into the agar plates and incubated for 2-4 days at 28°C. 

2.5 Bacterial growth measurements 

Pto DC3000 was grown in KB or L-medium overnight at 28°C. Growth curves were measured 

in a 96-well plate reader (Powerwave, BioTek, Swindon, UK) in 150 µL total volume KB or L-

medium inoculated 1:50 with bacterial solution (diluted to OD600 = 0.1). Optical density 

measurements were recorded every hour after one minute agitation over a 48-h period at 

28°C. 

2.6 Preparation of bacterial extracts 

Bacteria were grown on KB or LB plates (1.3% agar) containing the appropriate antibiotics. 

Pto DC3000 and P. protegens Pf-5 were grown at 28°C for 21 h and 18 h, respectively, and P. 

aeruginosa PAO1 at 37°C for 10 h. Bacteria were scraped off the plates and resuspended in 
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sterile demineralised ddH2O. Cells were lysed by boiling at 95°C for 15 min with intermediate 

vortexing and immediately placed on ice. Bacterial extract was obtained by centrifugation of 

the lysed cells for 10 min at 13,000 rpm at 4°C, and the supernatant was collected for further 

analysis. Bacterial extracts were normalized to 5 μg/mL total protein concentration 

determined using a Bradford assay (BioRad, California, USA) or by NanoDrop (Thermo Fisher 

Scientific, Waltham, MA, USA) at λ280 nm. 

2.7 Pseudomonas syringae infections on Arabidopsis thaliana 

A. thaliana Col-0 and fls2 plants were grown for 4-5 weeks. Pto DC3000 cultures were grown 

overnight at 28°C in liquid KB media containing 25 μg/mL kanamycin to OD600 between 0.6 

and 1.0. Bacteria were resuspended in 10 mM MgCl2 and adjusted to OD600 = 0.0002 [105 

colony forming units (CFU) per mL] for syringe infiltration and to OD600 = 0.05 (2.5 x 107 

CFU/mL) for spray inoculation. Shortly before spraying 0.02% Silwet L-77 (Lehle Seeds, Round 

Rock, USA) was added to the suspension. Plants were sprayed until run-off. Unless otherwise 

stated, infected plants were covered during the first day of infection with a plastic dome to 

increase humidity and promote infection. Four different plants per bacterial strain were 

infected and two leaf discs (7 mm diameter) per plant were collected two or three days post 

infection in 10 mM MgCl2 and homogenized using a drill-adapted pestle. Serial dilutions were 

plated on KB or L-medium agar containing 25 μg/mL kanamycin and 25 μg/mL nystatin and 

colonies counted after two days incubation at 28°C. Equal inoculations with different 

bacterial strains were confirmed by serial dilution and colony counting of the initial infection 

suspensions.  

2.8 Quantitation of cdG concentrations 

The extraction and quantification of cdG was performed using high performance liquid 

chromatography-coupled tandem mass spectrometry (HPLC-MS/MS) analysis (Spangler et 

al., 2010). For cdG extraction bacteria were grown on plates, as described for the production 

of bacterial cell extracts. Cells were scraped off and resuspended in 300 µL of ice-cold 

extraction solvent, a mixture of acetonitrile/methanol/water (40/40/20, v/v/v) and 

incubated for 10 min at 4°C to extract nucleotides. The cell suspension was heated to 95°C 

for 10 min, cooled down and centrifuged at 13,000 x g for 5 min. Supernatant was stored 

and extraction of the resulting pellet was repeated twice with 200 µL of extraction solvent 

at 4°C, omitting the heating step. The combined supernatants were evaporated until dryness 

at 40°C in a miVac vacuum concentrator (Genevac, Ipswich, UK) and the dried residue 
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resuspended in 200 µL water. Protein content was determined by dissolving the cell pellet in 

200 µL 0.1 M NaOH, then heating for 15 min at 95°C, before centrifugation and measurement 

of protein concentration in the supernatant using NanoDrop (Thermo Fisher Scientific, 

Waltham, MA, USA) at λ280 nm. Final cdG concentrations were expressed as pmol/mg of 

bacterial protein. Extractions were performed with two independent bacterial cultures as 

biological duplicates.  

Nucleotide extracts were analysed by LC-MS using an Acquity UPLC System attached to a TQS 

tandem mass spectrometer (Waters, Milford, MA, USA). Separation was performed on a 

Kinetix XB-C18, 50 · 2.1 mm, 2.6 µm column (Phenomenex, CA, Torrance, USA) using the 

following gradient of acetonitrile (solvent B) versus 0.1% formic acid in water (solvent A), run 

at 600 μL/min and 30°C: 0 min, 1% B; 1 min, 1% B; 2.5 min, 25% B; 4 min, 70% B; 4.05 min, 

1% B; 5.8 min, 1% B. The retention time for synthetic cdG was 1.21 min. Detection of cdG 

was by positive electrospray selected reaction monitoring (SRM) of the transition m/z 

691/152 at a collision energy of 38 V and cone voltage of 50 V. Spray chamber conditions 

were 1.8 kV capillary voltage, 600°C desolvation temperature, 1000 L/h desolvation gas flow, 

150 L/h cone gas flow, and 7.0 bar nebuliser pressure. Quantitation was done by external 

standard calibration using chemically synthesised cdG (BioLog, Bremen, Germany) standards 

from 10 to 5000 ng/mg. 

2.9 Measurement of ROS burst 

Generation of ROS was measured as previously described (Schwessinger et al., 2011). Eight 

leaf discs (4 mm diameter) per A. thaliana genotype or N. benthamiana plant were collected 

into 96-well plates and allowed to recover overnight in sterile water. The water was then 

replaced with a solution containing 17 mg/mL luminol (Sigma Aldrich), 200 μg/mL 

horseradish peroxidase (Sigma Aldrich), and either bacterial extracts with 50 ng/mL protein 

concentration or 1 μM cdG (BioLog, Bremen, Germany) or 100 nM flg22 peptide (EZBiolab, 

Westfield, IN, USA). 

M. truncatula seedlings were grown sterile for 7 days under 16-h photoperiod at 21°C. Roots 

were cut into 3 mm segments and recovered in water overnight. Alternatively, leaf discs were 

sampled from soil-grown 4 to 5-week-old plants and recovered in water. The water was 

replaced with solution containing 200 μg/mL horseradish peroxidase (HRP) (Sigma-Aldrich) 

and 1 µM L-012 (Sigma-Aldrich), incubated for 5 min and topped up with solution containing 

flg22 or elf18 peptide (EZBiolab, Westfield, IN, USA) with 100 nM final concentration. Peptide 

sequences have been previously described (Felix et al., 1999, Zipfel et al., 2006). 
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Luminescence was recorded over a 45-60 min time period using a charge-coupled device 

camera (Photek Ltd., East Sussex, UK). Statistically significant differences between ROS 

output was determined by a two-tailed Mann-Whitney test.  

2.10 Virus-induced gene silencing 

Virus-induced gene silencing in N. benthamiana was performed using the tobacco rattle virus 

(TRV) system as described previously (Peart et al., 2002). The TRV-RNA1 construct is 

contained in a pBINTRA6 vector and the TRV-RNA2 constructs TRV:GFP and TRV:SU are in 

pTV00 vector (Peart et al., 2002). The NbFls2 silencing construct was amplified from N. 

benthamiana cDNA using the primers 5’-CGACGACAAGACCCTTACCTTTTTCATACCTTTG and 

5’-GAGGAGAAGAGCCCTGGTGGAATATTTCC and subsequently cloned into the pYY13 vector 

(Dong et al., 2007). Agrobacterium tumefaciens GV3101::pMP90 carrying the binary TRV-

RNA1 and the TRV-RNA2 constructs were resuspended in infiltration buffer consisting of 10 

mM 2-(N-morpholino)ethanesulfonic acid (pH 5.5), 10 mM MgCl2 and 150 mM 

acetosyringone and mixed in a 2:3 ratio (RNA1:RNA2) with a final OD600 of 1.0. Two-week-

old N. benthamiana plants were infiltrated with the Agrobacterium solution. Infection and 

systemic spreading of the virus was monitored in TRV:SU plants, which are bleached due to 

reduced chlorophyll content upon silencing. Silenced plants were used for experiments three 

weeks after infiltration. Successful silencing of NbFls2 was examined in a ROS assay applying 

100 nM of flg22 peptide. 

2.11 Immunoblot analysis 

Bacterial extracts were separated on a 12% sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and blotted on polyvinylidene difluoride (PVDF) membrane 

(Thermo Fisher Scientific) blocked with 5% milk in TBS with 0.1% (v/v) Tween-20. The flagellin 

protein was detected with a monoclonal α-flagellin antibody specific against purified flagellin 

from P. aeruginosa (mabg-flapa, Invivogen, Toulouse, France) used in a 1:1000 dilution and 

α-mouse-HRP (Sigma Aldrich) used in 1:10,000 dilution as secondary antibody.  

Plant tissue was ground in liquid nitrogen and protein was extracted using a buffer containing 

100 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM EDTA, 5% SDS, 2 M urea, 10 mM DTT and 1% 

(v/v) Protease Inhibitor Cocktail (P9599, Sigma-Aldrich), boiled for 10 min and debris 

removed by centrifugation for 2 min at 13,900 g. Protein samples were separated on an 8% 

SDS-PAGE gel and blotted on PVDF membrane. Immunoblotting was performed with α-HA-

horseradish peroxidase (HRP) antibody (3F10, Roche) diluted 1:2000 in 5% milk in TBS with 
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0.1% (v/v) Tween-20. Blots were developed with chemiluminescent Pierce ECL pico Western 

Blotting substrate (Thermo Fisher Scientific) and imaged with light-sensitive X-ray film (Super 

RX, Fujifilm) or with a LAS 4000 ImageQuant system (GE Healthcare, Little Chalfont, UK). 

Equal loading of protein was determined by Coomassie Brilliant Blue staining of the blotted 

membrane. 

2.12 Stable transformation of Medicago truncatula 

M. truncatula ecotype R108 was stably transformed by A. tumefaciens AGL1 carrying the 

recombinant binary vector pBIN19-CaMV35S::EFR-HA (Lacombe et al., 2010). Plant 

transformation was carried out as previously described (Cosson et al., 2006) with some 

minor, but important, changes; in vitro grown plants, only, were used for the 

transformations, excised leaves were sliced through with a scalpel and not vacuum 

infiltrated, the A. tumefaciens culture was used at OD600=0.4 and re-suspended in SH3a broth 

with 300 µM acetosyringone, the leaflet explants were submerged in the bacterial 

suspension for 20 min only, shaking in the dark, leaves were co-cultivated and callus 

generated with their adaxial surface in contact with the media, explants were washed in 

SH3a media broth post co-cultivation, excess Agrobacteria was eliminated on solid media 

using 320 mg/L ticarcillin disodium/potassium clavulanate and finally, callus growth was 

carried out in the dark for 8 weeks rather than 6. Five transgenic plants were recovered by 

somatic embryogenesis, rescued and selected on kanamycin plates. Homozygous plants 

were identified by quantitative real-time PCR of a segregating T1 population and confirmed 

in the T2 stage by responsiveness to elf18 peptide. Two homozygous lines with only a single 

insertion locus carrying two EFR copies were identified and used for physiological and 

symbiotic characterizations. In addition, null segregants were isolated for each primary 

transformant and used as control lines. All experiments were performed with plants from 

the T3 population. 

2.13 Rhizobial infection of Medicago truncatula 

Plants were grown in pots (50 or 80 mL volume) in terragreen/sharp sand mix for 2 days 

(infection thread counting) or 7 days (nodule counting and acetylene reduction 

measurements) before inoculation with Sm1021-lacZ. Bacteria were grown in TY to 

OD600=1.5, washed in 10 mM MgCl2 and diluted to OD600=0.0002. Plants were inoculated with 

5 mL of S. meliloti suspension equally spread across the pot. Plants were harvested at 
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indicated time-points, carefully rinsed with water and stained with X-Gal for visualization of 

LacZ activity. Stained nodules were counted under a stereo microscope.  

For late-time point experiments (e.g. 28 dpi), plants were grown in bigger pots (500 mL 

volume) to allow enough space for root development and were inoculated with 10 mL S. 

meliloti diluted to OD600=0.0002. Plant nodules were scored visually and were not stained. 

2.14 X-Gal staining of infection structures and nodules 

For staining of infection threads on plants grown in terragreen/sand mixture, whole roots 

were detached from shoots and placed in fixing solution containing phosphate buffer, pH=7 

(61 mM Na2HPO4, 39 mM NaH2PO4, 10 mM KCl, 1 mM MgCl2) and 2.5% glutaraldehyde. 

Vacuum was applied for 5 min and roots were incubated for 1 h at room temperature. Roots 

were washed three times in phosphate buffer before staining solution (5 mM K4[Fe(CN)6], 5 

mM K3[Fe(CN)6], 0.08 % X-Gal (Formedium, King’s Lynn, UK) in phosphate buffer) was added 

and roots incubated in the dark at 30°C overnight. Roots were washed in phosphate buffer 

three times and stored at 4°C until analysis. 

Stained infection structures were scored in brightfield mode using a Leica DMR microscope 

(Wetzlar, Germany). The infection events were classified into three categories: micro-colony 

formation at curled root hair, elongated and ramified infection threads, and nodule 

primordia.  

2.15 Ralstonia solanacearum infection of Medicago truncatula 

roots 

After germination, M. truncatula plants were transferred and grown in jiffy peat pellets. For 

inoculation, the 1/3 bottom half of the Jiffy pots was severed then soaked in a R. 

solanacearum solution at OD600=0.1. Potting soil was used to absorb the remaining inoculum 

and spread on the bottom of the tray before putting Jiffy pots back on. Disease symptoms 

were scored daily. Statistical analysis was performed as previously outlined (Remigi et al., 

2011). 

2.16 Acetylene reduction measurements 

Nitrogenase activity was determined by gas chromatography measuring the enzymatic 

conversion of acetylene gas to ethylene as previously described (Trinick et al., 1976). Infected 

plants at 28 dpi, placed in a 50-mL plastic vial and sealed with a rubber lid. Acetylene gas 
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(BOC, Manchester, UK) was injected into the vials with 2% (v/v) final concentration, 

incubated for 1 h at 23°C and 1 mL sample taken for analysis. Conversion of acetylene to 

ethylene by rhizobial nitrogenase was recorded on a Clarus 480 (Perkin Elmer) gas 

chromatograph with N2 as the carrier gas set to a flow rate of 25 mL min-1, a HayeSep N 

80/100 mesh column, connected to a flame ionisation detector at 100°C. Acetylene was 

applied in excess and peak areas of ethylene were quantified using TotalChrom Workstation 

software (Perkin Elmer) and displayed as relative units.  

2.17 RNA extraction, cDNA synthesis and qPCR of M. 

truncatula leaf tissue 

For each M. truncatula line, approx. 50 mg leaf tissue has been harvested. Extraction of 

mRNA was done with RNeasy Plant Mini Kit (Qiagen) according to manufacturer’s 

instructions. Genomic DNA was removed by DNAse treatment using Ambion Turbo DNA-free 

Kit (Thermo Fisher Scientific). Total RNA concentrations were measured by NanoDrop 

spectrophotometer (Thermo Fisher Scientific) and adjusted to approx. 280 ng/µL. RNA 

integrity was checked on a 1% agarose gel. Contamination with genomic DNA was tested by 

PCR using primers #Mt11 and #Mt12. cDNA synthesis was done with 3 µg total RNA, oligo-

dT primers and SuperScript III reverse transcriptase (Invitrogen/ Thermo Fisher Scientific) 

according to the manufacturer’s instructions. cDNA was amplified by quantitative PCR using 

SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) and the PTC-200 Peltier Thermal Cycler 

(Bio-Rad Laboratories, Hercules, CA, USA). The relative expression values were determined 

using UBQ and PDF2 as reference and the comparative Ct method (2-ΔΔCt). 
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Chapter 3 

High levels of cyclic-di-GMP in plant-

associated Pseudomonas correlate with 

evasion of plant immunity  
 

Parts of this chapter have been published in a manuscript (Pfeilmeier et al., 2016b), for which 

I performed all experimental work and wrote the first draft. The co-authors contributed by 

providing molecular tools and intellectually to project design and manuscript writing. 
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3.1 Summary 

The plant innate immune system employs plasma membrane-localized receptors that 

specifically perceive pathogen/microbe-associated molecular patterns (PAMPs/MAMPs). 

This induces a defence response called pattern-triggered immunity (PTI) to fend off pathogen 

attack. Commensal bacteria are also exposed to potential immune recognition and must 

employ strategies to evade and/or suppress PTI to successfully colonize the plant. During 

plant infection the flagellum has an ambiguous role, acting as both a virulence factor and 

also as a potent immunogen due to the recognition of its main building block, flagellin, by 

plant pattern-recognition receptors (PRRs), including FLAGELLIN SENSING2 (FLS2). Therefore, 

strict control of flagella synthesis is especially important for plant-associated bacteria. In this 

chapter, I show that cyclic-di-GMP, a central regulator of bacterial lifestyle, is involved in the 

evasion of PTI. Elevated cyclic-di-GMP levels in the pathogen Pseudomonas syringae pv. 

tomato (Pto) DC3000, the opportunist P. aeruginosa PA01, and the commensal P. protegens 

Pf-5 inhibit flagellin synthesis, and help the bacteria to evade FLS2-mediated signalling in 

Nicotiana benthamiana and Arabidopsis thaliana. Despite this, high cellular cyclic-di-GMP 

concentrations were shown to drastically reduce the virulence of Pto DC3000 during plant 

infection. I propose that this is due to reduced flagellar motility and/or additional pleiotropic 

effects of cyclic-di-GMP signalling on bacterial behaviour. 

 

3.2 Introduction 

Plants rely on an innate immune system consisting of passive and active defences to resist 

potential attack by most microbial pathogens (Dangl et al., 2013). During infection, cell 

surface-localized pattern recognition receptors (PRRs) perceive pathogen/microbe-

associated molecular patterns (PAMPs/MAMPs), and trigger local and systemic immune 

responses (Boller and Felix, 2009).  

Plants are continuously exposed to a highly complex microbial community that contains not 

only pathogens but also commensal and beneficial species. Indeed, the microbiomes of the 

phyllosphere and rhizosphere most likely play critical roles in the adaption of a plant to its 

environment (Berendsen et al., 2012, Guttman et al., 2014). Flagellin and ELONGATION 

FACTOR-THERMO UNSTABLE (EF-Tu; or the immunogenic epitopes flg22 and elf18, 

respectively) are typical PAMPs, which are recognized by the A. thaliana PRRs FLAGELLIN 

SENSING2 (FLS2) and EF-TU RECEPTOR (EFR), respectively. Both PAMPs are widespread 
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among many bacterial species, abundant, and highly conserved, fulfilling important bacterial 

functions (Pel and Pieterse, 2013). While the PRRs for flg22 and elf18 ensure the reliable 

recognition of diverse bacterial pathogens, the universal nature of these PAMPs means that 

beneficial and commensal microbes are also potentially exposed to immune recognition (van 

Loon, 2007, Van Wees et al., 2008, Zamioudis and Pieterse, 2012). Yet, some symbiotic 

bacteria such as Rhizobium have evolved to evade flg22 recognition (Felix et al., 1999). 

Pseudomonas is an important genus of plant-associated bacteria that contains both 

phytopathogenic and commensal species. Pseudomonas syringae pv. tomato (Pto) DC3000 

is a foliar, hemibiotrophic plant pathogen that causes bacterial speck disease on tomato and 

A. thaliana (Xin and He, 2013). Primary infection sites are natural openings (such as stomata 

and hydathodes) and wounds, through which bacteria migrate into the apoplast before 

multiplying rapidly, leading to chlorosis and necrosis of plant tissue (Xin and He, 2013). 

Pseudomonas aeruginosa is an opportunistic pathogen that infects immune compromised 

humans and can also colonise and infect plants, although this ability is limited to specific 

hosts (Starkey and Rahme, 2009). Attachment, colonization and proliferation of P. 

aeruginosa in A. thaliana has been described as having similarities to the Pto DC3000 

infection process (Plotnikova et al., 2000), although no specific plant virulence factor has yet 

been identified. P. aeruginosa growth in the intercellular space leads to systemic infection 

and ultimately to severe soft-rot symptoms (Plotnikova et al., 2000). Conversely, 

Pseudomonas protegens Pf-5 is a soil bacterium that colonizes the rhizosphere and promotes 

plant growth by suppression of a wide variety of plant diseases over a broad host range 

(Loper et al., 2007). P. protegens Pf-5 produces multiple secondary metabolites including 

pyoluteorin and 2, 4-diacetylphloroglucinol that underpin its biocontrol capacities (Loper et 

al., 2012). Beside the production of antibiotics, siderophore secretion and genetic features 

like broad catabolic pathways, an expanded array of efflux systems and numerous genes 

conferring tolerance to oxidative stress enable P. protegens Pf-5 to cope with environmental 

stress and microbial competition in the rhizosphere (Loper et al., 2012). Consistent with its 

commensal lifestyle, certain pathogenicity factors such as the type-III secretion system 

(T3SS) are not present in the Pf-5 genome (Loper et al., 2007, Loper et al., 2012). Like many 

Gram-negative bacteria, these three plant-associated Pseudomonas species (spp.) have polar 

flagella that confer directed mobility and enable both the spatial colonisation of plant 

surfaces and migration into the apoplast (Jackson, 2009). Another common feature between 

the three Pseudomonas species is the presence of a similar set of biosynthetic pathways for 

the production of exopolysaccharides (EPS), namely alginate, Psl and Wss or Pel, in their 
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genome (Whitney and Howell, 2013, Spiers et al., 2003, Franklin et al., 2011). EPS production 

is a common aspect of bacteria colonizing the phyllo- and rhizospheres (Davey and O'Toole 

G, 2000), and has been associated with evasion of plant immunity (D'Haeze and Holsters, 

2004, Yun et al., 2006, Aslam et al., 2008). 

The bacterial second messenger cyclic-di-GMP (cdG) is a key regulator of flagella expression 

and EPS production in Pseudomonas (Hickman and Harwood, 2008). In general, cdG controls 

processes involved in the switch between single-celled motile and communal sessile 

lifestyles in many bacterial species (Jenal et al., 2017). Pseudomonas and other bacteria 

integrate environmental cues and intracellular signals in cdG signalling pathways, which 

regulate a diverse range of behaviours including motility (Dasgupta et al., 2003), adhesion to 

surfaces (Newell et al., 2011), biofilm formation (Hickman et al., 2005), and virulence 

(Kulasakara et al., 2006). The level of intracellular cdG is coordinated by the opposing 

enzymatic activities of multiple diguanylate cyclases (DGCs) and phosphodiesterases (PDEs) 

(Jenal et al., 2017). In P. aeruginosa, flagella-driven motility and EPS production are 

reciprocally controlled by several cdG-dependent systems (Dasgupta et al., 2003, Lee et al., 

2007), with the cdG-binding transcription factor FleQ playing a central role. FleQ is a σ54-

dependent master regulator that controls the expression of genes including the fleSR two-

component system, flagella export apparatus loci, and genes involved in the initiation of 

flagella basal body assembly (Dasgupta et al., 2003, Robleto et al., 2003). When cdG levels 

are low, FleQ inhibits EPS production by repression of pel and psl EPS-operon transcription, 

but is required for transcription of multiple flagellar genes. Correspondingly, upon binding 

cdG, FleQ both releases EPS biosynthetic gene repression and abolishes flagella gene 

transcription, enabling the switch from motility to EPS production and biofilm formation 

(Hickman and Harwood, 2008, Baraquet and Harwood, 2013). Homologs of FleQ are present 

in most Pseudomonas spp., including P. syringae and P. protegens (Nogales et al., 2015). 

While most of the work on virulence factors in pathogenic Pseudomonas bacteria focusses 

on type-3 effector proteins and the polyketide phytotoxin coronatine (Xin and He, 2013), 

little is known about the role of bacterial EPS during plant infection (Pfeilmeier et al., 2016a). 

Thus, I wanted to examine if the production of bacterial EPS is a common strategy of the 

pathogen Pto DC3000, the opportunist P. aeruginosa PA01, and the commensal P. protegens 

Pf-5 during plant colonization. As the production of EPS and biofilms is closely related to cdG 

signalling (Valentini and Filloux, 2016), I first characterized the impact of increased 

intracellular cdG levels in different Pseudomonas spp. on plant immune responses. 

 



Chapter 3  Research 

48 

3.3 Results 

3.3.1 Increased Pseudomonas cdG levels lead to suppressed PAMP-induced ROS response in 

N. benthamiana and A. thaliana 

In order to examine the effect of increased cdG levels on the induction of plant immune 

responses by Pseudomonas spp., I first produced a broad-host-range expression vector for a 

constitutively active allele of the DGC wspR (pBBR2/5-wspR19), and transformed the three 

species included in this study (Pto DC3000, P. protegens Pf-5 and P. aeruginosa PA01). In 

agreement with previous findings, wspR19 expression resulted in aggregative, wrinkled 

colony morphologies, enhanced Congo Red dye binding, which indicates production of 

polysaccharides such as cellulose (Spiers et al., 2002), and reduced motility (Figure 3.1A and 

B) (Goymer et al., 2006). Over-expression of genes encoding a DGC in trans leads to the 

intracellular accumulation of cdG in various bacterial species (Hengge, 2009). Accordingly, 

expression of wspR19 led to increased cdG levels in all three Pseudomonas spp. as 

determined by LC-MS/MS analysis (Table 3.1). The cdG levels measured for the wild-type 

containing the empty vector (WT) and DGC-over-expression strains (wspR19) of P. protegens 

Pf-5 and P. aeruginosa PA01 were comparable to levels previously described for PA01 

(Malone et al., 2010). Interestingly, wspR19 expression increased cdG concentration to a 

much lesser extent in Pto DC3000 compared to the increases seen in P. protegens Pf-5 and 

P. aeruginosa PA01. 

 
Table 3.1 Expression of wspR19 in Pseudomonas elevates cellular cyclic-di-GMP concentrations. 

Species  [c-di-GMP] (pmol/mg of 
bacterial protein) 

Pto 
DC3000 

WT 1.97 ± 1.66 
wspR19 32.85** ± 3.12 

Pf-5 
WT 1.70 ± 0.06 

wspR19 206.02*** ± 5.67 

PA01 
WT 2.45 ± 0.67 

wspR19 223.49*** ± 13.32 

Data represent the means of two biological replicates with ‘±’ representing the standard 
error (n= 2). Asterisks indicate statistical significance (**p< 0.01; *** p< 0.001) between wild-
type (WT) and wspR19 extracts based on an unpaired Mann–Whitney test. 
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Figure 3.1. wspR19 overexpression enhances exopolysaccharide production and reduces 
motility. (A) Congo red dye binding of WT and wspR19-expressing strain from Pto DC3000, P. 
protegens Pf-5 and P. aeruginosa PA01, respectively. (B) Swarming assay with Pto DC3000 WT, 
wspR19 and ΔfliC. 

 

Next, I investigated the effect of high cdG levels in Pseudomonas on the induction of PTI in 

different plants by measuring the ROS burst upon the application of bacterial extracts. The 

extracts of Pto DC3000 and P. protegens Pf-5 over-expressing the DGC wspR19 triggered a 

reduced ROS burst in both A. thaliana and N. benthamiana compared to WT extracts (Figure 

3.2A, B, Figure 3.3A, B), whereas extracts of P. aeruginosa PA01 expressing wspR19 only 

caused a reduced ROS in N. benthamiana (Figure 3.3B) but not in A. thaliana (Figure 3.2C). 

To test if the cdG molecule itself is responsible for the suppression of ROS responses, I added 

chemically-synthesised cdG to the Pto DC3000 bacterial extract. No difference in A. thaliana 

ROS response was seen compared to the Pto DC3000 WT extract alone. Likewise, I saw no 

ROS response upon the addition of 1 µM cdG alone (Figure 3.3A). Bacterial extract from a 

previously characterized P. aeruginosa PA01 mutant with increased intracellular cdG levels, 

ΔyfiR (Malone et al., 2010), triggered a similarly reduced ROS response to the PA01 wspR19 

over-expression strain (Figure 3.3B). Thus, the intracellular activity of cdG in the bacterium 

leads to loss of ROS production triggered by the tested bacterial extracts in N. benthamiana, 

and in A. thaliana for Pto DC3000 and Pf-5 extracts. 
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Figure 3.2. Extracts from Pseudomonas bacteria with high cyclic-di-GMP levels trigger reduced 
reactive oxygen species (ROS) burst in Arabidopsis thaliana. Total ROS accumulation in leaf discs 
after treatment with Pseudomonas extracts, expressed as relative light units (RLU) over 60 min. Leaf 
discs were treated with extracts from Pseudomonas syringae pv. tomato (Pto) DC3000 (A), P. protegens 
Pf-5 (B) or P. aeruginosa PA01 (C) carrying empty pBBR2 vector (WT), pBBR-wspR19 (wspR19). Values 
are means ± standard error (n = 8). Asterisks indicate statistically significant difference (*p < 0.05; *** p 
< 0.001) between treatment of wild-type extracts and other samples based on a two-tailed Mann–
Whitney test. 

 

 

Figure 3.3. Extracts from Pseudomonas bacteria with high cyclic-di-GMP levels trigger reduced 
reactive oxygen species (ROS) burst in Nicotiana benthamiana. Total ROS accumulation in leaf 
discs after treatment with Pseudomonas extracts, expressed as relative light units (RLU) over 60 min. 
Leaf discs were treated with extracts from Pseudomonas syringae pv. tomato (Pto) DC3000 (A) or P. 
protegens Pf-5 and P. aeruginosa PA01 (B) carrying empty pBBR2 vector (WT), pBBR-wspR19 
(wspR19), PA01 ΔyfiR or 1 μM purified cdG. Values are means ± standard error (n = 8). Asterisks 
indicate statistically significant difference (*** p < 0.001) between treatment of wild-type extracts and 
other samples based on a two-tailed Mann–Whitney test. 

 

3.3.2 FLS2-mediated ROS production is specifically reduced by wspR19 expression  

The ROS burst triggered by bacterial extracts can be initiated by the activation of several 

different PRRs (Boutrot and Zipfel, 2017). As the bacterial extracts used in the experiments 

are made from whole cell lysates, they may contain numerous different PAMPs. 
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Consequently, I tested whether the suppressed ROS bursts seen for the wspR19 extracts 

depend on one or more specific plant receptors. 

To identify the major eliciting agents in the bacterial extracts, I characterized the ROS 

response produced by Pseudomonas WT extracts on a series of different A. thaliana PRR 

knock-out mutants. The ROS response of efr, cerk1-2 and lym3-1 plants [CERK1 and LYM3 

are involved in bacterial peptidoglycan perception (Willmann et al., 2011)] to all tested 

extracts was comparable to that of Col-0 (Figure 3.4). Conversely, total ROS accumulation 

was drastically reduced in fls2 and even more so in efr fls2 and bak1-5 bkk1 plant lines 

(relative to Col-0) after application of WT extracts from Pto DC3000 and P. protegens Pf-5 

(Figure 3.4A and B). This suggests that ROS production is mainly triggered by flagellin and to 

a lesser extent by EF-Tu for these two extracts. Wild-type P. aeruginosa PA01 extract 

triggered equally high ROS production in Col-0, efr and fls2 plants, while ROS response was 

strongly diminished in efr fls2 and bak1-5 bkk1 (Figure 3.4C). Previous work showed that 

flg22- or elf18-triggered ROS production is drastically reduced in bak1-5 bkk1 due to the role 

of BAK1 and BKK1 as co-receptors for FLS2 and EFR (Chinchilla et al., 2007, Roux et al., 2011, 

Heese et al., 2007, Sun et al., 2013). Furthermore, the signal transduction pathways of both 

receptors converge into the same signalling pathway (Couto and Zipfel, 2016), which means 

that the intensity of FLS2 and EFR activation is not additive and both elicitors can compensate 

for each other. The results suggest that under the culture conditions used here the main 

elicitor in Pto DC3000 and P. protegens Pf-5 extracts is flagellin, while in the P. aeruginosa 

PA01 extract flagellin and EF-Tu are equally strong elicitors.  

Next, I repeated the ROS burst experiments for the A. thaliana PRR knock-out mutants with 

extracts from wspR19-over-expressing strains. Over-expression of wspR19 in Pto DC3000 and 

P. protegens Pf-5 suppresses the ROS burst elicited by their extracts in A. thaliana Col-0 and 

the efr knock-out mutant (Figure 3.5A and B). Because the major elicitor of ROS production 

in the extracts of those two species is probably flagellin (Figure 3.4A and B), this suggests 

that suppression of the ROS response by wspR19 expression is due to decreased flagellin 

perception by FLS2. Extracts from a Pto DC3000 ΔfliC strain were tested as a control. ROS 

production induced by Pto DC3000 wspR19 extracts induced slightly higher ROS production 

in Col-0 and efr plants compared to extracts from the ΔfliC strain, but ROS was equally low 

in fls2 and efr fls2 (Figure 3.5A). The slightly higher ROS production for wspR19 extracts in 

plants containing the functional FLS2 receptor is probably the consequence of residual 

flagellin levels in these strains. P. aeruginosa PA01 wspR19-expressing extracts induced 

equally strong ROS production in Col-0 and fls2, while the ROS response was reduced in efr 
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plants, in which ROS production mainly derives from activation of the FLS2 pathway (Figure 

3.5C).  

 

Figure 3.4. Flagellin and elongation factor thermo-unstable (EF-Tu) in Pseudomonas extracts are 
the main elicitors of reactive oxygen species (ROS) production in A. thaliana. Total ROS 
accumulation was measured in A. thaliana genotypes Col-0, efr, fls2, efr fls2, bak1-5 bkk1, cerk1-2 and 
lym3-1 (A–C). The ROS burst was induced by extracts from Pseudomonas syringae pv. tomato (Pto) 
DC3000 (A), P. protegens Pf-5 (B) or P. aeruginosa PA01 (C). Values are means ± standard error (n = 
8). Asterisks indicate statistically significant difference (***p < 0.001) between the treatment of wild-type 
extracts and other samples based on a two-tailed Mann–Whitney test. RLU, relative light units. 
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Figure 3.5. Reduced reactive oxygen species (ROS) burst triggered by Pseudomonas extracts 
with high cyclic-di-GMP is FLAGELLIN SENSING2 (FLS2) dependent. Total ROS accumulation was 
measured in Arabidopsis thaliana genotypes Col-0, efr, fls2, efr fls2, bak1-5 bkk1 (A–C). The ROS burst 
was induced by extracts from Pseudomonas syringae pv. tomato (Pto) DC3000 (A), P. protegens Pf-5 
(B) or P. aeruginosa PA01 (C) expressing wspR19 and their respective control strains carrying empty 
pBBR2 vector (WT) or Pto DC3000 ΔfliC. Values are means ± standard error (n = 8). Asterisks indicate 
statistically significant difference (*p < 0.05; **p < 0.01; ***p < 0.001) between A. thaliana Col-0 and other 
transgenic or mutant lines, based on a two-tailed Mann–Whitney test. RLU, relative light units. 

 

Perception of flagellin and EF-Tu by FLS2 and EFR respectively, has been extensively studied 

in A. thaliana (Boller and Felix, 2009); there is no current evidence for other A. thaliana 

receptors recognizing flagellin or EF-Tu, nor for the existence of additional FLS2 or EFR 

ligands. As the presence of either flagellin or EF-Tu in the PA01 extracts seems to be sufficient 

to trigger the full ROS response in the plant (Figure 3.4C), ROS production is only reduced if 

elements of both recognition systems are simultaneously absent. Thus, the reduction in ROS 

production upon wspR19 expression in P. aeruginosa PA01 also appears to be FLS2-

dependent.  

To examine whether the effect of wspR19 expression on ROS accumulation also depends on 

FLS2 in N. benthamiana, I silenced NbFls2 using virus-induced gene silencing. NbFls2 silencing 

was confirmed by abolished ROS production upon application of 10 nM flg22 peptide (Figure 

3.6A). ROS accumulation upon treatment with WT extracts from all three Pseudomonas spp. 
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was strongly reduced in NbFls2-silenced plants (TRV:NbFls2) compared to mock-silenced 

control plants (TRV:GFP) (Figure 3.6A to C), indicating that within the bacterial extracts, 

flagellin is the major elicitor of ROS burst in N. benthamiana. N. benthamiana is unable to 

perceive EF-Tu, as it lacks a functional EFR homologue (Zipfel et al., 2006). The suppressive 

effect of wspR19 expression is dependent on FLS2, as there was no significant difference in 

the ROS signal between TRV:NbFls2 and TRV:GFP plants when the wspR19-expressing 

extracts were tested (Figure 3.6A to C). Together, these results indicate that the reduced A. 

thaliana and N. benthamiana ROS responses induced by extracts of Pseudomonas spp. with 

increased cdG levels depend on signalling through the FLS2 receptor. The TRV:NbFLS2 

construct has been designed and provided by Isabel Saur1. 

 

 

Figure 3.6. Reduced reactive oxygen species (ROS) burst triggered by Pseudomonas extracts 
with high cyclic-di-GMP is FLAGELLIN SENSING 2 (FLS2)-dependent. Total ROS accumulation was 
measured in NbFls2-silenced (TRV:NbFls2) or control silenced (TRV:GFP) Nicotiana benthamiana 
plants (A–C). The ROS burst was induced by extracts from Pseudomonas syringae pv. tomato (Pto) 
DC3000 (A), P. protegens Pf-5 (B) or P. aeruginosa PA01 (C) expressing wspR19 and their respective 
control strains carrying empty pBBR2 vector (WT) or Pto DC3000 ΔfliC. Values are means ± standard 
error (n = 8). Asterisks indicate statistically significant difference (***p < 0.001) between N. benthamiana 
control plants and NbFls2-silenced plants, based on a two-tailed Mann–Whitney test. RLU, relative light 
units. 

 

3.3.3 Expression of wspR19 leads to impaired accumulation of flagellin 

The data from the ROS assays in A. thaliana and N. benthamiana indicated that wspR19 

expression in the three tested Pseudomonas spp. affected the amount of the PAMP flagellin 

in the extracts, thus reducing the FLS2-induced ROS burst relative to WT. I tested the 

accumulation of flagellin in the bacterial extracts by western blot analysis using a commercial 

                                                            

1 Research School of Biology, The Australian National University, Canberra, Australia (Present 
address: Department of Plant-Microbe Interactions, Max Planck Institute for Plant Breeding 
Research, Cologne, Germany). 
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anti-FliC antibody. Flagellin accumulation was drastically reduced in Pto DC3000 and P. 

protegens Pf-5 (Figure 3.7A and B) and undetectable in P. aeruginosa PA01 (Figure 3.7C) 

upon wspR19 expression compared to the respective wild-type extracts. Studies in P. 

aeruginosa have shown that cdG negatively affects expression of flagella genes by binding to 

FleQ, a master regulator of flagella gene transcription (Dasgupta et al., 2003, Hickman and 

Harwood, 2008, Baraquet and Harwood, 2013). This would explain the reduced accumulation 

of flagellin in the wspR19-expressing extracts compared to WT strains, and the 

correspondingly weaker ROS response due to reduced FLS2 activation (Figure 3.8). 

 

Figure 3.7. High cyclic-di-GMP levels suppress FliC accumulation in Pseudomonas. Extracts from 
Pseudomonas syringae pv. tomato (Pto) DC3000 (A), P. protegens Pf-5 (B) and P. aeruginosa PA01 
(C) carrying the empty pBBR2 vector (WT) or pBBR-wspR19 (wspR19) and Pto DC3000 ΔfliC were 
analysed by western blot using α-flagellin antibody. Membranes were stained with Coomassie Brilliant 
Blue (CBB) as loading controls. 

 

Figure 3.8. Illustration of the FleQ-mediated regulation of flagellar and pel genes transcription by 
wspR19 expression. 
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To examine whether down-regulation of flagella synthesis through elevation of cdG levels is 

a strategy adopted by Pto DC3000 upon plant colonization, I attempted to extract and 

measure cdG from Pto DC3000 growing in planta. Unfortunately, despite my best efforts and 

the examination of large amounts of infected plant tissue I was unable to reliably quantify in 

planta cdG levels. While this remains a highly interesting question, it appears that in planta 

cdG measurements are currently beyond the limit of the technical capabilities available. 

3.3.4 P. aeruginosa was non-pathogenic on A. thaliana under tested infection conditions  

As FLS2-mediated flg22 perception impedes the success of bacterial infection (Zipfel et al., 

2004, Hann and Rathjen, 2007, Forsyth et al., 2010, Zeng and He, 2010), I wanted to test the 

effect of wspR19 expression on the virulence of the adapted pathogen Pto DC3000 and the 

non-adapted opportunistic pathogen P. aeruginosa. It has been previously reported that P. 

aeruginosa is able to infect plants and a plant infection model with P. aeruginosa has been 

described for roots of sweet basil (Ocimum basilicum) and A. thaliana (Walker et al., 2004), 

as well as A. thaliana and detached Romaine lettuce leaves (Starkey and Rahme, 2009, 

Rahme et al., 1997). I tested the effect of high cdG levels on the virulence of P. aeruginosa 

PA01 during infection of A. thaliana. However, P. aeruginosa PA01 wild-type and wspR19-

expressing strain did not proliferate or cause any disease symptoms within 5 days post-

infection (dpi) on Col-0 (Figure 3.9) or on the A. thaliana ecotypes Wassilewskija (Ws-0), 

Llagostera (Ll-0) and Landsberg erecta (Ler-0) under the tested growth conditions (24°C, 12 

hour light cycle, 95% relative humidity) (Figure 3.10A). Previously, plant infections with P. 

aeruginosa were described for strain PA14, which contains additional pathogenicity islands 

that might enable its virulence in A. thaliana (Plotnikova et al., 2000, He et al., 2004). 

However, P. aeruginosa strain PA14 also could not cause disease after infiltration infection 

of various A. thaliana ecotypes, including Col-0 and an fls2 mutant (Figure 3.10B). The 

enhanced proliferation seen on Col-0 was not reproducible in repeat experiments. 
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Figure 3.9. P. aeruginosa PA01 infection on A. thaliana Col-0. Growth of .P. aeruginosa PA01 wild-
type and wspR19-expressing strain (+DGC) were monitored for 5 days on A. thaliana Col-0 after leaf 
infiltration with 2.5 × 106 cfu/mL. Values are means ± standard error (n = 4). 

 

 

 

Figure 3.10. P. aeruginosa infection on various A. thaliana ecotypes. Growth of .P. aeruginosa PA01 
wild-type and wspR19-expressing strain (+DGC) (A) and P. aeruginosa PA14 (B) was monitored for 5 
days on A. thaliana ecotypes Ler-0, Ll-0, Ws-0, Col-0 and fls2 mutant after leaf infiltration with 2.5 × 106 
cfu/mL. Values are means ± standard error (n = 4). 

 

3.3.5 Virulence of Pto DC3000 during infection is drastically reduced by wspR19 expression 

I next tested the effect of wspR19 expression on the virulence of Pto DC3000 during infection 

of A. thaliana plants. The growth of Pto DC3000 wspR19 was drastically reduced after spray-

infection of A. thaliana Col-0 (Figure 3.11). This suggests that high intracellular cdG levels 
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exert a strong negative effect on Pto DC3000 virulence, which in turn cancels out any benefit 

from the evasion of FLS2-triggered immunity. FLS2-induced defences against the virulent Pto 

DC3000 may only be effective when the flagellin-triggered immune responses are activated 

in the early stages of the colonisation process (Zipfel et al., 2004). In order to dissect the 

different effects of wspR19 over-expression on plant infection, I syringe-infiltrated Pto 

DC3000 WT and the wspR19-expressing strains directly into the apoplast, bypassing the 

critical initial colonisation steps. Interestingly, the Pto DC3000 WT and wspR19 over-

expression strains were equally virulent after infection by infiltration (Figure 3.11), 

suggesting that the infectious disadvantage arising from increased cdG levels is associated 

exclusively with the initial stages of plant colonisation and migration into the apoplast.  

 

 

Figure 3.11. wspR19 expression reduces the virulence of Pseudomonas syringae pv. tomato (Pto) 
DC3000 during plant infection after spray inoculation, but not after infiltration. Growth of Pto 
DC3000 carrying empty pBBR2 vector (WT), pBBR-wspR19 (wspR19) or ΔfliC at 2 days post-infection 
of Arabidopsis thaliana Col-0 plants. Bacteria were either sprayed onto [inoculum 2.5 × 107 colony-
forming units (cfu)/mL] or syringe-infiltrated into (inoculum 105 cfu/mL) the plant. Values are means ± 
standard error (n = 4). Significant differences (*p < 0.05) based on two-tailed Mann–Whitney test. 

 

3.4 Discussion 

Plants sense and respond to the presence of microbes by recognition of PAMPs, ubiquitous 

microbe-associated molecules, using plasma membrane-localised PRRs. PAMP perception 

triggers an intracellular signal transduction cascade and a subsequent defence response 

(Boller and Felix, 2009). Flagellin, the central structural unit of the flagellum filament, is a 
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strong immunogen that elicits PTI in plants (Boller and Felix, 2009). The experiments 

described in this chapter, measuring ROS production in A. thaliana and N. benthamiana 

leaves after application of whole cell extracts revealed that flagellin from Pto DC3000, P. 

protegens Pf-5 and P. aeruginosa PA01 substantially contributes to the induction of this early 

plant immune response. 

The flagellum is an important bacterial organelle, enabling the bacterium to sense and 

explore its environment, and contributing to initial attachment to surfaces (Rossez et al., 

2015). Flagella-driven motility plays critical roles both in effective plant infection and 

commensal rhizosphere colonisation. It facilitates colonization of plant surfaces, migration 

into the apoplast and movement through the soil towards the nutrient-rich environment of 

the plant root (Lugtenberg et al., 2001). The role of flagella during plant interactions is 

therefore somewhat ambiguous. Plant-associated bacteria must balance the requirement 

for flagella-driven motility in colonisation and infection with the downside of potential 

immune recognition. 

To successfully colonize and infect plants, both pathogenic and commensal bacteria need to 

evade recognition, or to suppress host immune responses. Bacteria have evolved a variety 

of mechanisms to evade flg22-triggered immunity (Rossez et al., 2015). One important 

strategy for evading plant immune recognition is the control of flagella synthesis. Bacteria 

can down-regulate or switch off flagella expression during infection when motility is 

unnecessary. While expression of flagella genes is controlled by a number of different signal 

inputs, the transcriptional regulator FleQ plays a central role in this process via cdG (Hickman 

and Harwood, 2008, Baraquet and Harwood, 2013), with FleQ inactivation by cdG-binding 

leading to the down-regulation of flagella gene expression in Pseudomonas spp. (Baraquet 

and Harwood, 2013). The results of this study suggest a direct link between cdG-regulated 

flagella synthesis and evasion of plant immunity. This relationship is widespread, and applies 

to commensal as well as specific and non-specific plant pathogens. Elevated cdG levels in Pto 

DC3000, P. protegens Pf-5 and P. aeruginosa PA01 reduce extracellular flagellin levels, and 

thus help the bacteria to evade the FLS2-mediated immune response in N. benthamiana and 

A. thaliana plants. Reduced flagellin levels appear to explain most, if not all of the ROS-

suppressive effect of cdG overproduction, as little or no additional effect was observed upon 

wspR19 expression in either fls2 or efr fls2 plants. While flagellin is a major elicitor in the 

bacterial extracts from all three Pseudomonas spp., EF-Tu appears to be a stronger elicitor in 

P. aeruginosa PA01 extracts compared to Pto DC3000 and P. protegens Pf-5. PAMPs from 

different species generally vary in their eliciting potential (Lacombe et al., 2010, Clarke et al., 
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2013) due to allelic variation in the recognized epitope. The immunogenic elf18 sequence 

from P. protegens Pf-5 and P. aeruginosa PA01 are identical, which suggests that the 

difference in their ability to trigger a ROS burst might be due to post-translational 

modifications or protein abundance in the extract. 

CdG regulates various phenotypic output pathways that define the bacterial lifestyle, and is 

consequently likely to play an important role in controlling the association of bacteria with 

plants. This relationship is indirect, and relates entirely to the control of bacterial 

phenotypes. In contrast to the mammalian innate immune system where a specific immune 

receptor for cdG has been found (Burdette et al., 2011), to my knowledge no direct effect of 

cdG on plant immunity has been reported, and purified cdG did not affect plant ROS 

production in these experiments. Recently, researchers have started to examine the role of 

cdG signalling in the interactions of commensal and pathogenic Pseudomonas spp. with their 

host plants. For example, the DGCs WspR and Rup4959 play important roles in effective 

wheat rhizosphere colonisation by the commensal species P. fluorescens F113 and P. putida 

KT2440 respectively (Matilla et al., 2011, Barahona et al., 2011). In P. syringae, artificially 

elevating cdG levels by over-expressing a DGC gene induces pleiotropic responses including 

reduced motility, increased EPS production and enhanced biofilm formation, which together 

produce aberrant plant interaction phenotypes (Perez-Mendoza et al., 2014). More 

specifically, the DGC DgcP is conserved in Pseudomonas and inversely controls motility and 

biofilm in P. savastanoi and is required for full virulence in olive plants (Aragon et al., 2015b). 

Also, deletion of the putative PDE gene bifA results in both decreased motility and reduced 

virulence in Pto DC3000 (Aragon et al., 2015a). Highlighting the relevance of cdG for bacterial 

virulence, the DGC Chp8 is part of the hrp regulon, a gene cluster containing the T3SS and 

expressed in response to plant signals in Pto DC3000 (Engl et al., 2014). Over-expression of 

Chp8 produces high cellular cdG levels, once again leading to EPS production and reduced 

flagella expression (Engl et al., 2014). 

Over-expressing a DGC in trans drastically changed the global cdG concentration in all three 

bacterial species tested here. In turn, increased cdG levels trigger significant changes in the 

various signalling networks controlled by this important second messenger (Hengge, 2009). 

This is borne out by the major shifts in colony morphology, polysaccharide production and 

motility seen for the wspR19 over-expression strains. Despite these pleiotropic effects, this 

study shows that the suppressive effect of cdG on the plant immune response depends 

almost entirely on the reduced signal transduction through the FLS2 receptor, as a 

consequence of reduced flagellin production in the cdG over-producing strains.  
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Infections of P. aeruginosa on A. thaliana did not show any disease symptoms or bacterial 

proliferation on various A. thaliana accessions including the FLS2-defective genotypes Ws-0 

and fls2 (Figures 3.9 and 3.10) (Gomez-Gomez and Boller, 2000, Zipfel et al., 2004). Successful 

infections of A. thaliana have been described by incubating the plants at a temperature of 

30°C compared to 24°C used in my experiments (Starkey and Rahme, 2009). This drastic rise 

in temperature could explain the enhanced susceptibility of A. thaliana and/or increased 

virulence and growth of P. aeruginosa (Alcázar and Parker, 2011, Cheng et al., 2013, Wurtzel 

et al., 2012).  

Although cdG overproduction enables bacteria to evade FLS2-mediated immunity, high 

levels of cdG actually led to drastically reduced Pto DC3000 virulence during A. thaliana 

infection. I propose that the reduction in virulence upon wspR19 expression is largely due to 

the loss of flagella-driven motility. Restriction of bacterial growth due to flagellin recognition 

in A. thaliana is highly effective against non-adapted pathogens (Li et al., 2005, de Torres et 

al., 2006, Forsyth et al., 2010, Zeng and He, 2010). Conversely, against adapted pathogens 

like Pto DC3000 FLS2-mediated immunity is only effective when the bacteria are detected in 

the early stages of infection (Zipfel et al., 2004, Zeng and He, 2010, Hann and Rathjen, 2007). 

During these initial infection steps, bacteria must trade-off evasion of FLS2-mediated 

immune responses with the loss of flagellar motility. It has been reported that the virulence 

of a Pto DC3000 ΔfliC mutant is compromised upon spray infection in A. thaliana Col-0, but 

that the mutant grows as well as wild-type when the bacteria are syringe-infiltrated into the 

apoplast (Li et al., 2005, Clarke et al., 2013). Likewise, in my experiments over-expression of 

wspR19 negatively affected bacterial growth only during spray infections, where bacteria 

have to attach to the plant surface and migrate into the apoplast, but had no effect on 

virulence following leaf infiltration.  

Besides the loss of flagellar motility, other pleiotropic effects of cdG signalling may contribute 

to the compromised virulence of Pto DC3000 over-expressing wspR19. Thus, infiltrating 

bacteria directly into the apoplast might also bypass these virulence-associated cdG 

pathways. These include a reduction in pili-driven motility (Kazmierczak et al., 2006), 

interference with the correct deployment and function of the T3SS (Kulasakara et al., 2006), 

overproduction of EPS or other attachment factors in an inappropriate context (Gal et al., 

2003), and as-yet undefined effects on secondary metabolism and small molecule secretion 

(Malone et al., 2010). AmrZ is a transcriptional regulator of several proteins involved in cdG 

metabolism and a Pto DC3000 amrZ insertion mutant shows the typical cdG phenotypes, 

including wrinkly colony morphology, increased cellulose production and loss of motility 
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(Prada-Ramírez et al., 2016). The amrZ strain, but not a cellulose-deficient mutant, is 

impaired in virulence on spray-infected tomato plants, which could be due to effects of 

AmrZ-regulated motility and/or other bacterial processes during pathogenesis (Prada-

Ramírez et al., 2016). Clearly the negative effects of high cdG levels are far less severe during 

an established infection, although whether the lifestyle transition from colonisation and 

initial infection to apoplastic proliferation is accompanied by a significant increase in the 

intracellular level of cdG in Pto DC3000 remains to be determined.  

A ground-breaking discovery has been made in a study that illustrates in picturesque Mickey-

Mouse-plates a stable phenotypic transition in multiple X. campestris strains cultivated on 

artificial growth media from non-motile, EPS producing to motile, non-mucoid cells with 

reduced virulence (Kamoun and Kado, 1990). Although the molecular determinants have not 

been investigated, this switch of bacterial behaviour strongly resembles cdG-associated 

phenotypes. 

In this chapter, I established a potential role for the bacterial second messenger cdG in plant 

immune evasion, and showed that this effect is mediated by a reduction in the levels of the 

PAMP flagellin, and consequently reduced FLS2-mediated host immune response. However, 

bacteria cannot simply over-produce cdG whenever they encounter host plants; the complex 

intracellular signalling networks controlled by cdG play important roles in mediating the 

initial stages of plant infection, and flagella driven motility appears to be at least as important 

to infection as immune system evasion, at least until the infection is established. 
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Chapter 4 

The role of bacterial exopolysaccharides 

during plant infection  
  



Chapter 4  Research 

64 

4.1 Summary 

To study the specific role of bacterial exopolysaccharides (EPS) during plant colonization and 

infection, deletion mutants of multiple EPS biosynthesis operons were generated in Pto 

DC3000 and P. protegens Pf-5. Indeed, Pto DC3000 EPS deletion mutants showed 

significantly reduced virulence on A. thaliana, with a combination of at least two different 

types of EPS required for normal proliferation in the apoplast. Next, a series of experiments 

was conducted to try defining the mechanism of action of EPS in the apoplast. Besides 

surface adhesion and stress protection, a role has also been suggested for EPS in evasion of 

pattern-triggered immunity (PTI). Extracts from these EPS-deficient strains were tested for 

their capacity to elicit or suppress PAMP-induced ROS burst. However, extracts from the EPS 

mutant strains induced similar ROS burst as the respective wild-type strain in A. thaliana. 

Morphology of bacterial ‘macrocolonies’ and EPS staining experiments suggested that Pto 

DC3000 and P. protegens Pf-5 do not produce large amounts of EPS during in vitro growth 

under the tested conditions. Nonetheless, EPS seems to be important during infection of A. 

thaliana by Pto DC3000. I examined the presence of a genetic link between EPS and PTI by 

infecting PTI-compromised A. thaliana mutant lines. However, the experiments were 

inconclusive regarding the role of EPS in suppression of PTI and indicate that EPS has multiple 

functions during the infection process. EPS are key components of bacterial biofilms and 

contribute to water retention and nutrient accumulation. To test a role of EPS for 

maintaining a wet growth environment, plants were infected under different humidity 

conditions. However, the reduced growth in planta could not be compensated by high 

humidity. Thus, further experiments are underway to address the structural role of EPS 

during colony formation and expansion during apoplast colonization. 

 

4.2 Introduction 

The production of exopolysaccharides (EPS) is a common factor of bacteria colonizing the 

phyllo- and rhizosphere of plants (Davey and O'Toole G, 2000). EPS molecules are 

carbohydrate polymers that are secreted by bacteria, and form a highly viscous extracellular 

slime or build a capsule layer around the cell (Flemming and Wingender, 2010). The 

production of oligosaccharide polymers is generally associated with biofilm formation, a 

macro structure composed of bacterial cells embedded in a matrix containing further 

polymeric substances such as proteins, extracellular DNA and lipids (Flemming and 
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Wingender, 2010, Petrova and Sauer, 2012). Biofilms define the sessile lifestyle of a bacterial 

community and form the immediate environment, providing multiple functions including 

adherence to surfaces, absorption of water, accumulation of nutrients and protection from 

hydrophobic and toxic substances (Petrova and Sauer, 2012, Flemming et al., 2016).  

EPS can vary in their chemical and physical properties not only between bacterial species but 

also between strains of a single species (Petrova and Sauer, 2012). EPS from the 

opportunistic human pathogen P. aeruginosa are well studied, and comprise at least three 

different polysaccharides, namely alginate, Psl, and Pel (Wozniak et al., 2003, Friedman and 

Kolter, 2004, Jackson et al., 2004). The biosynthesis pathway of alginate, a high molecular 

weight co-polymer of β-1,4-linked acetylated D-mannuronic acid and L-guluronic acid 

subunits has been first described in P. aeruginosa (Franklin et al., 2011, Evans and Linker, 

1973), and seems to be conserved in other Pseudomonas, including P. syringae (Penaloza-

Vazquez et al., 1997, Whitney and Howell, 2013, Osman et al., 1986). Psl is composed of a 

repeating pentamer of D-mannose, L-rhamnose and D-glucose (Byrd et al., 2009), while the 

detailed structure of the glucose-rich polymer Pel is currently unknown (Franklin et al., 2011, 

Friedman and Kolter, 2004, Friedman and Kolter, 2003). Bacterial cellulose is a homopolymer 

of β-1,4-linked D-glucose and is produced by many Pseudomonas (Römling and Galperin, 

2015). While cellulose biosynthesis is encoded by the bcs gene cluster in some Pseudomonas 

(Nielsen et al., 2011), other species including Pto DC3000 produce an acetylated form of 

cellulose whose synthesis requires the wss operon, which has been first described in P. 

fluorescens SBW25 (Spiers et al., 2003, Prada-Ramírez et al., 2016). Additionally, P. syringae 

is known to produce a high molecular mass β-2,6 polyfructan with extensive branching 

through β-2,1 linkages (Fett and Dunn, 1989, Osman et al., 1986, Laue et al., 2006). The poly-

β-1,6-linked N-acetylglucosamine (PNAG) has been found in various Gram-negative bacteria 

and is presumably involved in biofilm formation of P. protegens Pf-5 (Kidarsa et al., 2013, 

Wang et al., 2004). Other EPS from Pseudomonas without known composition or structure 

are Pea (Nielsen et al., 2011) and Peb (Nilsson et al., 2011), which have been described in P. 

putida.  

Although there seem to be specific differences for transcriptional activation of EPS 

biosynthesis genes between Pseudomonas species (Penaloza-Vazquez et al., 1997, Keith et 

al., 2003), regulation of EPS production is controlled by the same intracellular signalling 

molecule, cyclic-di-GMP (cdG), in regulatory networks that are present in P. syringae and P. 

aeruginosa (Chapter 3) (Hickman et al., 2005, Prada-Ramírez et al., 2016, Hickman and 

Harwood, 2008, Moscoso et al., 2014, Records and Gross, 2010, Vakulskas et al., 2015). It has 
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been shown in P. aeruginosa that cdG-binding by Alg44, a cytoplasmic membrane protein of 

the alginate biosynthesis complex, is essential for alginate production (Merighi et al., 2007). 

The functional equivalent protein in Pel biosynthesis in P. aeruginosa is PelD, which regulates 

Pel production in a cdG-dependent manner (Lee et al., 2007). Additionally, Pel and Psl 

production are positively regulated at the transcriptional level by cdG produced by the 

diguanylate cyclase WspR (Hickman et al., 2005) and the cdG-responsive transcription factor 

FleQ (Hickman and Harwood, 2008). These aspects indicate a potential role of cdG as a 

common transcriptional and/or post-translational regulator of EPS production.  

Bacterial EPS are an important factor for many processes, including adhesion to surfaces, 

stress protection and creating an optimal growth environment (Flemming et al., 2016). Cystic 

fibrosis lung disease caused by the human opportunistic pathogen P. aeruginosa is strongly 

associated with the production of EPS and biofilm formation, including alginate, Pel and Psl 

(Sousa and Pereira, 2014, Kirisits et al., 2005, Malone et al., 2010). A role for EPS as a 

virulence factor of P. syringae during plant infection has also been suggested (Aslam et al., 

2008, Fett and Dunn, 1989, Yu et al., 1999), but the specific role of the different types of EPS 

and their contribution to pathogenesis is not well understood. A mechanistic explanation for 

the role of EPS in virulence has been suggested in a study showing that EPS molecules can 

interfere with PTI signalling by chelating calcium ions in the apoplast (Aslam et al., 2008). 

Infiltration of purified EPS from different species into A. thaliana leaves also inhibits the 

PAMP-induced Ca2+ influx, ROS burst and defence-related gene expression (Aslam et al., 

2008).  

The plant-associated species Pto DC3000, P. aeruginosa PA01 and P. protegens Pf-5 encode 

the enzymes for the production of alginate, Psl, and Pel or the equivalent cellulosic polymer 

Wss (Whitney and Howell, 2013). Moreover, the genomic arrangement of the structural 

biosynthetic genes is almost identical in all three species (Winsor et al., 2016). The work 

described in this chapter aims to test a role of EPS during plant colonisation, and to examine 

the contribution of these EPS molecules to modulate immune responses during plant 

infection. As my attempt to manupulate cdG-dependent regulation of EPS led to various 

pleiotropic effects due to other cdG-controlled factors (see Chapter 3), I here rather focused 

on strains with loss-of-function mutations in the EPS production pathways.  
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4.3 Results 

4.3.1 Generation of EPS deletion strains  

The three Pseudomonas species Pto DC3000, P. aeruginosa PA01 and P. protegens Pf-5 

encode a similar set of biosynthetic genes for EPS production in their genomes (Figure 4.1) 

(Winsor et al., 2016). All three species are able to produce alginate and Psl, and P. aeruginosa 

PA01 and P. protegens Pf-5 additionally carry the genes of the Pel pathway, while Pto DC3000 

has the wss operon for production of acetylated cellulose (Figure 4.1). 

 

Figure 4.1. Exopolysaccharide biosynthesis gene cluster on the chromosomal loci of the 
Pseudomonas species Pto DC3000, P. protegens Pf-5 and P. aeruginosa PA01. Gene structure of 
the pathway for the production of alginate (A), Psl (B), Wss (C) and Pel (D). The depicted genomic 
regions are obtained from GBrowse of the Pseudomonas Genome Database (Winsor et al. 2016) and 
show approximately 19 kb. Orientation on the chromosomal DNA strands is indicated by forward (fwd) 
and reverse (rev) notation after species name. 
 

The deletion of individual genes in these pathways in different Pseudomonas spp. abolishes 

the production of the respective EPS. P. aeruginosa PA01 ΔpslD is unable to produce Psl 

polymer (Byrd et al., 2009), and non-polar deletions of algG and algX result in a lack of 

alginate secretion (Jain et al., 2003, Robles-Price et al., 2004). Similarly, biofilm and pellicle 

formation is impaired in non-polar disruptions of pelB and pelC in P. aeruginosa PA14 
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(Vasseur et al., 2007, Friedman and Kolter, 2003). Production of the acetylated cellulose 

polymer encoded in the wss pathway is abolished in a wssB::Tn5 mutant of P. fluorescens 

SBW25 (Spiers et al., 2002). The core cellulose synthase complex comprising WssBCDE of P. 

fluorescens SBW25 is also conserved in Pto DC3000 (Spiers et al., 2003). Based on the 

required genes for EPS synthesis and export described in the literature, I engineered in-frame 

deletions of two genes required for production of the respective EPS in Pto DC3000 and P. 

protegens Pf-5 (Table 4.1). The deleted genes are part of an operon, and expression of 

downstream genes is presumably unaffected as the deletions were done in-frame. 

Additionally, it has been suggested that intermediate products of EPS biosynthesis that do 

not get secreted across the outer membrane get degraded in the periplasm (Franklin et al., 

2011). Beside the deletion mutants, which are defective in a single EPS pathway, I made 

double and triple mutants to obtain EPS-deficient strains (Table 2.1). The in-frame deletions 

were created by a two-step homologous recombination process using a suicide plasmid 

(Chapter 2.3), and were confirmed by PCR and by sequencing the transitions to the adjacent 

regions in the genome. The mutations in the EPS pathways did not affect Pto DC3000 growth 

in rich media (Figure 4.2).  

 

Figure 4.2. Growth of EPS-deficient Pto DC3000. Growth of Pto DC3000 wild-type and isogenic EPS 
mutant strains was measured in L- medium (A) and KB medium (B). Values are means ± standard error 
(n = 6). The experiment was performed once. 

 

A P. aeruginosa PA01 pelG::Tn5/ΔpslAB double mutant, which lacks Pel and Psl production, 

was already available for further analysis (Malone et al., 2010). However, P. aeruginosa did 

not infect A. thaliana under the tested conditions (Figure 3.9 and 3.10), so I did not proceed 

with the characterization of the biological role of EPS from P. aeruginosa during the 

interaction with plants. 
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4.3.2 EPS production in Pto DC3000 is important for bacterial virulence during plant infection 

I was interested in the role of EPS during the interaction of Pseudomonas with plants, and 

focussed mainly on the model system of A. thaliana and the pathogenic Pto DC3000. EPS 

biosynthesis appears to be important for Pto DC3000 virulence, as the triple EPS mutant Pto 

Δalg/psl/wss (also described as Δeps) showed reduced growth 3 dpi in planta and reduced 

disease symptoms compared to the wild-type strain on A. thaliana Col-0 (Figure 4.3). Growth 

of Pto DC3000 Δalg/psl/wss was impaired after infiltrating bacterial directly into the 

intercellular space of the leaf (Figure 4.3A) or after spraying the solution on the leaf surface 

(Figure 4.3B). Although it was not clear from these infection experiments which processes 

are affected by the lack of EPS, the reduced virulence after infiltration suggested a role of 

EPS during the establishment of infection in the apoplast. 

 

Figure 4.3. Infection of A. thaliana with EPS-deficient Pto DC3000. Four-week-old A. thaliana plants 
were infected with Pto DC3000 wild-type or Δalg/psl/wss by infiltration with 105 cfu/mL (A and C) or spray 
infection with 108 cfu/mL (B and D). Bacterial growth in planta was monitored over time by leaf sampling, 
serial dilutions and colony counting (A and B). Pictures of plants with disease symptoms were taken at 
7 dpi (C and D). Values are means ± standard error (n = 4). Significant differences (*p < 0.05) based on 
two-tailed Mann–Whitney test. The experiment was done at least two times. 

 

EPS production in Pto DC3000 appeared to play an important role during infection (Figure 

4.3). To dissect which EPS contributes to virulence, I performed A. thaliana leaf infiltrations 

of single, double and triple EPS mutants. The bacterial growth of wild-type and the deletion 

mutant strains in the plant tissue was monitored over 5 days. According to the bacterial 
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proliferation data in planta, the strains separated into two virulence groups (Figure 4.4A). 

While Pto Δwss, Pto Δalg, Pto Δpsl and Pto Δalg/psl showed similar virulence as the wild-

type, Pto Δwss/alg, Pto Δalg/psl and Pto Δalg/psl/wss were impaired during infection. Hence, 

wild-type-like virulence seemed to require Wss production, but a combination of Alg and Psl 

could compensate for the lack of Wss. The enhanced growth of Pto Δpsl strain at 3 dpi was 

not reproducible upon repeating the experiment (Figure A8.1). The growth data is also 

reflected in the disease symptoms on A. thaliana leaves, as enhanced growth correlated with 

stronger necrosis at 5 dpi (Figure 4.4B).  

 

Figure 4.4. Infection of A. thaliana with EPS-deficient Pto DC3000 strains. Four-week-old A. thaliana 
plants were infected with Pto DC3000 wild-type or indicated EPS mutant strains by infiltration with 105 
cfu/mL. Bacterial growth in planta was monitored over time by leaf sampling, serial dilutions and colony 
counting (A). Pictures of leaves with disease symptoms were taken at 5 dpi (B). Values are means ± 
standard error (n = 4). The experiment was done three times. 

 

4.3.3 Crude bacterial extracts of EPS deletion mutants did not affect plant PAMP-induced 

ROS burst 

To study the effect of EPS on PTI, I made crude bacterial extracts of the P. protegens Pf-5 and 

Pto DC3000 EPS-deficient strains, and tested their potential to elicit or suppress the PAMP-

induced ROS burst. Extracts from EPS-deficient P. protegens Δalg/pel/psl and Pto DC3000 

Δalg/wss/psl triggered a similar ROS burst in Col-0 leaf discs as an extract from the respective 

wild-type strains (Figure 4.5A and C). Similarly, extracts from the EPS-deficient P. protegens 

Pf-5 mutants did not affect flg22-induced ROS production (Figure 4.5B and D). Crude extracts 

were normalized based on total protein levels of the final extract. However, the plant ROS 

burst induced by the bacterial extract was quite variable and EPS-deficient extracts 

occasionally triggered an enhanced (Figure A8.2B) or reduced ROS response (Figure A8.2E). 

This variability might be due to the complex mixture of the crude extract or small changes of 
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components with a strong impact on the ROS burst, such as the PAMP flagellin (see Chapter 

3). However, the reduction of ROS production after application of extract from P. protegens 

Δalg/pel/psl. (Figure A8.2E and F) was independent of fls2 (Figure A8.2G and H), which thus 

excludes flagellin levels as source of variability in this case. 

 

 

Figure 4.5. Extracts from Pseudomonas wild-type strains and respective EPS-deficient mutants 
trigger similar ROS burst in Arabidopsis thaliana. Leaf discs were treated with extracts from Pto 
DC3000 wild-type and Δalg/psl/wss (A and B) and P. protegens Pf-5 wild-type (WT) and Δalg/psl/pel (C 
and D) to assess the ability to induce a ROS burst (A and C) or to suppress a ROS burst elicited by co-
application of 100 nM flg22 with the extracts (B and D). Values are means ± standard error (n = 8). ROS 
production is expressed as relative light units. The experiment was done at least two times. 

 

The amount of EPS in the bacterial extract preparations was unknown. To visualize EPS 

production by the different strains, I tested various polysaccharide-binding dyes, including 

Calcofluor White, Ruthenium Red, Toluidine Blue-O and Congo Red, which have been 

described to stain specific types of EPS during bacterial growth on solid medium (Ferrieres 

et al., 2007, Spiers et al., 2002). Unfortunately, I did not observe any difference in colour 

intensity between wild-type and the EPS deletion mutant strains of Pto DC3000 and P. 

protegens Pf-5, respectively, under standard growth conditions on L-medium or LB medium 

agar plates supplemented with Congo Red (Figure 4.6) or other dyes (data not shown).  

Wild-type strains P. protegens Pf-5 and Pto DC3000 did not seem to produce large amounts 

of EPS under standard culturing conditions, as both strains only showed considerable binding 

of the cellulose-binding dye Congo Red after expression of the diguanylate cyclase wspR19 

(Figure 4.6 and Figure 3.1A). This might be due to lack of EPS production in the tested 
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cultivation media and growth conditions. To enhance production of the different types of 

EPS, I thus decided to express wspR19 in the individual EPS mutation backgrounds and to 

test different growth media. Certain media such as KB and SFM media were identified to 

promote EPS production according to the colony morphology when bacteria expressed 

wspR19 (Figure 4.6 and 4.7). Using these culturing conditions and wspR19-expressing strains 

to make the bacterial crude extracts may lead to a stronger effect of the EPS in the ROS burst 

assays; however, previous experiments showed that the major elicitor of ROS burst in these 

extracts is the PAMP flagellin, and thus small changes in flagellin levels can have a strong 

effect, and therefore may mask any contribution of EPS to the ROS burst (see Chapter 3).  

4.3.4 Optimizing bacterial growth condition for EPS production 

To exclude additional effects from the bacterial crude extract and to directly test the ability 

of EPS to suppress the PAMP-induced ROS burst, I purified the different types of EPS, namely 

aceylated cellulose (Wss), Pel, Psl and alginate. As the double deletion strains have only one 

functional EPS biosynthesis pathway left, they are a useful tool to facilitate purification of a 

single EPS. Additionally, I transiently expressed the diguanylate cyclase wspR19 to increase 

cdG levels in the production strains, as many EPS biosynthetic clusters are transcriptionally 

or allosterically controlled by cdG (Hengge, 2009, Starkey et al., 2009, Franklin et al., 2011). 

wspR19 expression markedly enhanced staining of the cellulose-binding dye Congo Red 

(Figure 3.1A and Figure 4.6). Solid growth media was preferred over liquid media as it allows 

easy assessment of colony morphology, and a transcriptional reporter study of alginate 

biosynthetic genes in P. aeruginosa suggested that surface contact is a cue for inducing 

alginate production (Davies and Geesey, 1995). To find suitable conditions for EPS 

production, I spotted 5 µL of the bacterial solution onto solid growth media and assessed 

typical features of (macro-)colony morphology (e.g. mucoid or wrinkled) as an indication for 

EPS production (Figure 4.7).  

A mucoid colony surface is an indicator for alginate production in P. aeruginosa and P. 

syringae (Ramsey and Wozniak, 2005, Schreiber and Desveaux, 2011). This feature could be 

observed by growing the double mutant strain Pto DC3000 under constitutive wspR19 

expression on SFM medium. This colony morphology is likely due to alginate production, 

because the mucoid phenotype is even more pronounced in the Pto Δpsl/wss (Alg+) strain, 

but absent in the other mutants lacking alginate production. Typically, Pseudomonas strains 

with high cdG levels, for example due to expression of a DGC, have a small colony variant 

phenotype with wrinkled structures (Malone et al., 2007, D'Argenio et al., 2002, Hickman et 

al., 2005). The wrinkled colony phenotype was only mildly expressed during growth on L-, 
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M9 minimal and SFM medium (Figure 4.6). However, on KB medium wspR19 expression turns 

Pto Δalg/psl colonies wrinkly, probably due to Wss production (Figure 4.7A). P. protegens Pf-

5 expressing wspR19 showed the wrinkly colony phenotype (Figure 4.7B).  

 

Figure 4.6. Exopolysaccharide production of Pto DC3000 expressing wspR19. Congo Red dye 
binding of wild-type and EPS mutant strains from Pto DC3000, Wss+ (Pto Δalg/psl), Psl+ (Pto Δalg/wss), 
Alg+ (Pto psl/wss), ΔΔΔ (Pto Δalg/psl/wss) without and with expression of wspR19. Bacterial solution (5 
µL) were spotted on L-medium, M9 medium with 0.2% pyruvate and 0.2% Cas amino acids, and SFM 
medium agar plates and incubated for 3 days at 30°C. 
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Figure 4.7. Exopolysaccharide production of Pto DC3000 and P. protegens Pf-5 expressing 
wspR19. Congo Red dye binding of wild-type and EPS mutant strains from (A) wspR19-expressing Pto 
DC3000, Psl+ (Pto Δalg/wss), Wss+ (Pto Δalg/psl), Alg+ (Pto psl/wss), ΔΔΔ (Pto Δalg/psl/wss) and (B) 
wspR19-expressing P. protegens Pf-5, Psl+ (Pf-5 Δalg/wss), Pel+ (Pf-5 Δalg/psl), Alg+ (Pf-5 psl/pel), 
ΔΔΔ (Pf-5 Δalg/psl/pel). Bacterial solution (5 µL) were spotted on L-medium, KB medium and SFM 
medium agar plates and incubated for 3 days at 30°C. Black arrows mark characteristic colony 
morphology phenotypes. 

 

The wrinkly colony phenotypes were dependent on certain media, e.g. Psl production of P. 

protegens Pf-5 on SFM or Pel production of Pto DC3000 on KB medium. These growth media 

were used to culture different strains for alginate, Psl and Pel purification from Pto Δpsl/wss-

wspR19, P. protegens Δalg/pel-wspR19 and P. protegens Δalg/psl-wspR19, respectively.  

Provisional EPS purification attempts from bacterial growth on solid agar plates were based 

on protocols described in the literature (Byrd et al., 2009, Ferrieres et al., 2007). 

Quantification of purified EPS was performed according to the previously described phenol-

sulfuric acid method (Masuko et al., 2005). However, the purification process was not 

successful, as final aliquots contained very low EPS concentrations and could not be used for 

further analysis (data not shown). During the purification efforts, I realized that each type of 

EPS has different physio-chemical properties, and it would require substantial amount of 

time and effort to optimize the EPS purification protocols, as previously noted (Flemming 

and Wingender, 2010). Given that initial tests with bacterial crude extracts did not indicate 

a specific EPS-dependent plant response (e.g. ROS burst), I decided not pursue further EPS 

purification.  

Overall, both strains Pto DC3000 and P. protegens Pf-5 did not appear to be strong producers 

of EPS under the used laboratory culture conditions (Figure 4.7), which has been noted 

before (Freeman et al., 2013, Keith et al., 2003, Aslam et al., 2008). The morphology of colony 

growth indicated that certain growth media and expression of the cyclase wspR19 resulted 

in slightly enhanced EPS production.  
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A notable aspect from the growth experiments on different media was that the morphology 

of P. protegens Δalg/pel/psl-wspR19 colonies were still wrinkly (Figure 4.7B), suggesting the 

presence of additional types of EPS. The genome of P. protegens Pf-5 contains the EPS 

operon pgaABCD, which was first identified for PNAG production in E. coli and is expressed 

in P. protegens Pf-5 during biofilm formation (Wang et al., 2004, Kidarsa et al., 2013). In 

addition, P. protegens Pf-5 encodes the pea gene cluster, which has been first described in 

P. putida (Nielsen et al., 2011, Winsor et al., 2016). Production of both types of EPS, PNAG 

and Pea, is controlled by cdG (Nielsen et al., 2011, Steiner et al., 2013), and thus represent 

promising candidates to be the additional EPS responsible for the wrinkly colony phenotype 

during wspR19 expression. A pgaCD deletion construct has been cloned, but the 

corresponding mutant has not yet been generated, due to lack of time. 

4.3.5 Reduced bacterial growth of Pto Δalg/psl/wss is not recovered in PTI-compromised 

plants. 

As all three types of EPS contribute to virulence (Figure 4.4), the triple mutant Pto 

Δalg/psl/wss was used for the following infection experiments. To address whether EPS has 

a function in the suppression of PTI, I tested if PTI contributes to the impaired growth of the 

Pto Δalg/psl/wss strain. I infected Col-0 and the PTI-compromised mutant lines fls2/efr/cerk1 

(fec) (Gimenez-Ibanez et al., 2009b) and bak1-5/bkk1-1/cerk1 (bbc) (Xin et al., 2016), which 

are lacking major PRRs and co-receptors. According to the bacterial growth data, the 

impaired virulence of Pto Δalg/psl/wss (Δeps) was not recovered on PTI-compromised fec 

and bbc plants (Figure 4.8 and Figure A8.3). These experiments do not allow to exclude a role 

of EPS for suppression of PTI, and do not support it either. The data rather suggests that EPS 

has multiple functions during plant infection beside PTI suppression. It is easy to imagine that 

biofilm formation could be required before or in parallel to immune evasion for optimal 

infection. In such a case, the PTI-deficient mutants would not complement the lack of biofilm 

formation. 
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Figure 4.8. Infection of PTI-compromised A. thaliana plants with EPS-deficient Pto DC3000. Four-
week-old A. thaliana Col-0 and mutant genotypes fec (fls2/efr/cerk1) and bbc (bak1-5/bkk1-1/cerk1) 
were infiltrated with 105 cfu/mL Pto DC3000 wild-type or Δeps (Pto Δalg/psl/wss). Bacterial growth in 
planta was assessed at 0 dpi (round symbols) and 3 dpi (square symbol) by leaf sampling, serial dilutions 
and colony counting. Values are means ± standard error (n = 4). Asterisks indicate statistically significant 
difference (* p < 0.05) between treatment of wild-type and Δeps based on a two-tailed Mann–Whitney 
test. The experiment was done three times. 

 

4.3.6 High humidity does not rescue impaired bacterial growth of Δeps 

Bacterial biofilms constitute a micro-environment for bacterial growth and EPS is a major 

component of the biofilm matrix (Davey and O'Toole G, 2000, Danhorn and Fuqua, 2007). 

High air humidity promotes the plant infection of P. syringae, and water-soaking spots are 

characteristic disease symptoms on infected plant leaves (Xin and He, 2013, Xin et al., 2016). 

As EPS molecules, predominantly alginate, form a hydrogel, which is able to retain large 

amounts of water (Chang et al., 2007, Hall-Stoodley et al., 2004), EPS might be involved in 

the maintenance of a humid living environment for the bacteria during plant infection. In 

collaboration with Xiu-Fang Xin from the laboratory of Sheng Yang He2, who has a suitable 

experimental set-up to control air humidity in plant growth rooms, we tested whether the 

proliferation of the EPS-deficient strain is restored under high air humidity conditions during 

an infection. Water-soaking spots could be observed under high humidity after 1 dpi on 

leaves infected with Pto DC3000, and reduced spots on the Pto Δalg/psl/wss mutant (Figure 

4.9A). However, growth of Pto Δalg/psl/wss was still reduced in Col-0 plants compared to 

                                                            
2 Department of Energy, Plant Research Laboratory, Michigan State University, East Lansing, 
Michigan 48824, USA. 
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wild-type and could not be recovered due to high humidity levels (Figure 4.9B). This 

experiment did not support the hypothesis that high air humidity can compensate for the 

lack of EPS.  

Interestingly, increasing levels of humidity seem to enhance bacterial growth in planta (Xin 

et al., 2016) and this growth-promoting effect was stronger in the wild-type compared to the 

Pto Δalg/psl/wss strain (Figure 4.9B).  

Figure 4.9. Infection of A. thaliana plants with EPS-deficient Pto DC3000 under high and low 
humidity. Four-week-old A. thaliana Col-0 were infiltrated with 105 cfu/mL Pto DC3000 wild-type or Pto 
Δalg/psl/wss (Δeps). After infection, plants were kept under high (95%) and low (30%) relative air 
humidity. Disease symptoms (A) and bacterial growth in planta (B) was assessed at 2 dpi. Values are 
means ± standard error (n = 4). Asterisks indicate statistical significance (*p< 0.05) between wild-type 
and Δeps based on an unpaired Mann–Whitney test. The experiment was performed by Xiu-Fang Xin 
and has been repeated once. 

 

4.4 Discussion  

EPS is an important factor for different processes during host colonization including surface 

adhesion, stress protection and biofilm formation. In P. aeruginosa, three types of EPS; 

namely alginate, Pel and Psl, have been identified as part of the biofilm matrix and as 

important virulence factors (Hentzer et al., 2001, Friedman and Kolter, 2004, Friedman and 

Kolter, 2003). Other plant-associated Pseudomonas species, such as the pathogenic Pto 

DC3000 and the commensal P. protegens Pf-5 also encode a similar set of EPS biosynthetic 

pathways (Figure 4.1) (Whitney and Howell, 2013).  

Infection of A. thaliana with Pto DC3000 wild-type and the EPS deficient Pto Δalg/psl/wss 

suggested that EPS is a major virulence factor, as bacterial proliferation and plant disease 

symptoms were strongly reduced (Figure 4.3). Virulence was not only impaired after spray 

inoculating the leaf surface (Figure 4.3B), but also after infiltration of the bacteria directly 
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into the intercellular space (Figure 4.3A). This suggests that EPS has an important function 

during colonization of the apoplast. 

To dissect the contribution of individual types of EPS, I infected A. thaliana Col-0 with Pto 

DC3000 single, double and triple mutants of the different EPS pathways. Although the wss 

biosynthetic pathway appeared to be particularly important for the virulence of Pto DC3000, 

as the Pto Δalg/psl strain still displayed wild-type-like growth in planta, a combination of 

functional alginate and Psl could compensate for the lack of Wss in the Pto Δwss strain 

(Figure 4.4). It thus appears that all three EPS pathways can contribute to maximal virulence 

of Pto DC3000. 

Compared to other P. syringae strains, Pto DC3000 does not produce excessive amounts of 

EPS during growth on agar plates (Figure 4.6 and 4.7A), and has been described as a weak 

epiphyte with low osmotolerance (Freeman et al., 2013). The epiphytic fitness of an alginate-

deficient P. syringae pv. syringae strain, is severely compromised, in part due to increased 

susceptibility to oxidative stress (Yu et al., 1999). Interestingly, alginate biosynthesis in Pto 

DC3000 is stimulated by ROS, which is produced by the plant during bacterial colonization of 

the apoplast in A. thaliana (Keith et al., 2003, Keith and Bender, 1999) and in tomato 

(Solanum lycopersicum) (Boch et al., 2002). However, a Pto Δalg mutant was not 

compromised during A. thaliana infection after infiltration into the apoplast (Figure 4.4), but 

only in combination with the deletion of psl or wss genes.  

Acetylated cellulose produced by the wss biosynthetic gene cluster is an important 

component of biofilm formation and surface attachment in P. fluorescens SBW25 (Spiers et 

al., 2002, Spiers et al., 2003) and other P. syringae species (Ude et al., 2006, Arrebola et al., 

2015). While there are strong links between production of acetylated cellulose and cdG 

regulation in Pseudomonas (Spiers et al., 2002, Spiers et al., 2003, Morgan et al., 2014, Prada-

Ramírez et al., 2016), the environmental signals triggering wss gene transcription have not 

yet been identified. In agreement with my results for infection of A. thaliana (Figure 4.4), the 

cellulose-deficient Pto ΔwssBC mutant is not affected in virulence on tomato plants after 

spray infection (Prada-Ramírez et al., 2016). The role of cellulose as a virulence factor has 

been previously mentioned in various studies with different plant-pathogen model systems, 

but evidence is mostly indirect and inconclusive. Induced EPS production, including 

acetylated cellulose, due to DGC expression in Pto DC3000 and other P. syringae strains had 

no significant impact on virulence after spray infection on tomato (Perez-Mendoza et al., 

2014, Arrebola et al., 2015) and infiltration in A. thaliana (Figure 3.11). Furthermore, EPS-

compromised Tn5 insertion mutants of P. syringae pv. syringae B728a behaved like the wild-
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type regarding epiphytic growth and survival on bean leaves (Lindow et al., 1993). Similarly, 

cellulose-deficient mutants of the distantly related plant pathogen Agrobacterium 

tumefaciens remained fully virulent (Barnhart et al., 2013). All these studies suggesting that 

cellulose is not a virulence factor are based on genetic data or rely mostly on indirect 

evidence, but do not take compensatory effects by other EPS molecules into account.  

Nevertheless, my data indicates that there seems to be partial functional redundancy among 

the different types of EPS and potentially compensatory EPS production. This has been 

reported for Pel and Psl polysaccharides in P. aeruginosa (Colvin et al., 2011). Both Pel and 

Psl can serve as primary scaffolds for biofilm formation, and genetic adaptation occurs during 

biofilm cultivation to compensate for lack of individual EPS types (Colvin et al., 2011). Overall, 

my infection data indicate that EPS production is an important factor for Pto DC3000 

infection of A. thaliana (Figures 4.3 and 4.4).  

It has been suggested that bacterial EPS can suppress plant immune responses during 

infection (Aslam et al., 2008, Girija et al., 2017). Various types of EPS from different plant-

associated bacteria were able to interfere with PTI by chelating Ca2+ in the apoplast, thereby 

suppressing PAMP-induced calcium influx (Aslam et al., 2008). Pre-treatment with purified 

EPS from various bacterial species including Xanthomonas campestris pv. campestris, Erwinia 

amylovora, P. syringae pv. syringae, Ralstonia solanacearum, Sinorhizobium meliloti and P. 

aeruginosa, suppressed PAMP-induced Ca2+ influx, ROS burst and defence gene activation 

(Aslam et al., 2008). Furthermore, the suppression of PTI was not due to blocking PAMP 

binding to the receptor or limited PAMP diffusion in the apoplast, but rather due to 

scavenging of Ca2+ by EPS in the apoplast (Aslam et al., 2008). To examine whether EPS from 

Pto DC3000 and P. protegens Pf-5 affects plant immunity, I tested bacterial extracts from Pto 

DC3000 and P. protegens Pf-5 wild-type and EPS deficient Pto Δalg/psl/wss and P. protegens 

Δalg/psl/pel strains, respectively, for their capacity to elicit a ROS burst in A. thaliana. Wild-

type and EPS-deficient strains triggered a similar ROS response in the plant (Figure 4.5). The 

levels of EPS in the extracts were unknown and staining of the bacterial colonies suggested 

that neither strain produced large amounts of polysaccharides under the tested culture 

conditions. The negative result that the EPS mutant strain showed no effect could be 

explained by the absence of EPS in the wild-type extract. Unfortunately, EPS purification 

attempts were unsuccessful, hence the suppression of Ca2+ and ROS burst by EPS could not 

be directly tested. 

A complementary approach to examine the function of EPS for immune suppression is to 

genetically test if the EPS-deficient strain recovers virulence on PTI-compromised A. thaliana 
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genotypes, such as fec and bbc. Bacterial growth of Pto Δalg/psl/wss (Δeps) was still strongly 

reduced in fec and bbc lines compared to wild-type. This suggests that suppression of PTI is 

not the only function of EPS, as other important processes would still be affected in the PTI-

compromised lines and would result in reduced growth of the EPS-deficient strain. Hence, 

no final conclusion could be drawn from these experiments regarding the question whether 

EPS suppresses PTI. 

The timing of PAMP recognition and EPS production might be important for effective 

immune responses. PAMP recognition presumably happens during invasion of plant tissue, 

while EPS, as a constituent of biofilms, are produced for surface attachment and during 

colony expansion in the apoplast. In that respect, EPS plays a role in various processes that 

are happening in parallel or are required for its function PTI suppression. In addition, flagellin, 

EF-Tu and peptidoglycan are major bacterial PAMPs and presumably not recognized in the 

fec line, whereas other PRRs are still present and could be affected by EPS. Similarly, some 

PRRs function independently of the co-receptors BAK1, BKK1 or CERK1 and are therefore still 

capable of signalling in the bbc line. In addition, PTI provides quantitative, basal resistance 

against adapted pathogens and is most effective during spray infection experiments (Zipfel 

et al., 2004); therefore, the effect of EPS on PTI might not be observed after infiltration 

inoculation. Spray infection on PTI-compromised lines has not been tested as EPS production 

can influence epiphytic survival, and the reduced virulence phenotype was observed also for 

infiltration infections (Figure 4.3).  

It has been reported that an insertional algD- mutant of Pto DC3000 is compromised in 

virulence during A. thaliana infection (Aslam et al., 2008), which was not observed with the 

Pto ΔalgGX mutant in my experiments. This inconsistency could be due to the different 

modes of gene inactivation or infection method/conditions used.  

Various glycopolymeric compounds have been associated with the elicitation and 

suppression of plant immune responses (Silipo et al., 2010). The bacterial root pathogen R. 

solanacearum triggers enhanced ROS and defence-associated gene transcription in a 

resistant, but not in a susceptible tomato cultivar, compared to its isogenic EPS-deficient 

mutant strain (Milling et al., 2011). Application of purified EPS from different plant 

pathogenic Pseudomonas to tobacco suspension cells induced immune-associated responses 

(de Pinto et al., 2003). Multiple types of EPS contribute to the formation of biofilms and their 

contribution varies not only between bacterial species but also between strains of a single 

species. For example, while P. aeruginosa is able to produce at least alginate, Psl, and Pel, 

individual strains or isolates only produce a subset of these EPS (Franklin et al., 2011). Indeed, 
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diversification of bacterial subpopulations in biofilms that produce different EPS has been 

observed and is hypothesised to be a survival strategy to withstand rapid changes in 

environmental conditions (Boles et al., 2004). In the context of host-microbe interaction, 

genetic diversification within a population can be imposed by the host immune system due 

to PAMP recognition (Cai et al., 2011). Recently, a receptor for EPS detection has been 

identified in the legume Lotus japonicus that specifically recognizes EPS from its symbiont 

Mesorhizobium loti (Muszynski et al., 2016, Kawaharada et al., 2015). However, in the 

present study the absence of EPS in the Pto Δalg/psl/wss did not promote virulence and did 

not enhance the ROS burst compared to wild-type (Figure 4.3 and Figure 4.5), suggesting 

that there is no PRR for either of these three EPS from Pto DC3000 in A. thaliana (Aslam et 

al., 2008).  

The sessile lifestyle within a biofilm provides multiple advantages and allows bacteria to 

thrive in a favorable environmental niche. Beside its protective function from biotic and 

abiotic stresses and the accumulation of nutrients (Davey and O'Toole G, 2000, Petrova and 

Sauer, 2012), the biofilm matrix absorbs and retains water (Chang et al., 2007, Hall-Stoodley 

et al., 2004). An aqueous growth environment is especially important for P. syringae during 

plant infection (Xin et al., 2016). Recently, the molecular basis for the characteristic water-

soaking spots and enhanced bacterial infection under high air humidity has been 

demonstrated (Xin et al., 2016). For successful plant infection, it is crucial for Pto DC3000 to 

suppress PTI and to create and maintain an aqueous living environment in the intercellular 

space of the plant. The two type 3-secreted effector proteins HopM1 and AvrE contribute to 

create an aqueous apoplast and high air humidity is required to maintain this condition (Xin 

et al., 2016). Even though high humidity did not compensate for the lack of EPS in our 

experiments, Pto DC3000 wild-type benefited from air humidity to a greater extent than Pto 

Δalg/psl/wss as it is reflected in stronger bacterial growth promotion (Figure 4.9B). However, 

this is only true under the assumption of a linear relationship between growth promotion 

and humidity. The fact that there is still a small difference between wild-type and Pto 

Δalg/psl/wss under low humidity conditions might indicate that the growth defect due to 

lack of EPS is independent of humidity, and due to other processes. In this respect, it would 

be interesting to compare the growth of Pto Δalg/psl/wss with a non-virulent control, such 

as the T3SS deficient hrcC- mutant. The non-virulent hrcC- strain regains its ability to 

proliferate in A. thaliana plants with a compromised immune system and under high 

humidity (Xin et al., 2016). Thus, the contribution of EPS to this humidity-dependent growth 
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promotion could be tested in the future with a hrcC-/Δalg/psl/wss quadruple mutant on 

immune-compromised A. thaliana.  

Another emergent property of biofilms conferred by hydrated EPS molecules is the 

protection from desiccation (Flemming and Wingender, 2010). Previous studies indicate a 

role of alginate during water-limiting conditions in P. putida and P. syringae (Freeman et al., 

2013, Chang et al., 2007, Li et al., 2010). EPS might work in conjunction with other 

protectants for survival under water-limiting conditions, such as trehalose (Freeman et al., 

2013, Freeman et al., 2010). The contribution of EPS to withstand desiccation stress could 

also be tested in vitro by measuring the survival rate under low humidity.  

Stress protection and persistence in the host tissue is often associated with the production 

of EPS during animal infection of P. aeruginosa and is a key requisite for chronic infections 

(Starkey et al., 2009). Compared to free-living cells, biofilms are better adapted to cope with 

pH changes, oxygen radicals and antimicrobial agents (Flemming and Wingender, 2010). The 

PAMP-induced ROS burst in the plant apoplast is initiated by the NADPH oxidase RbohD in A. 

thaliana, and represents an early response during pathogen infection (Boller and Felix, 2009, 

Torres, 2010). While it has been demonstrated that PAMP-induced ROS has a signalling role 

and is important for stomatal closure to limit pathogen entry (Kadota et al., 2014, Li et al., 

2014), apoplastic ROS could also directly harm bacterial cells (Lamb and Dixon, 1997). 

Interestingly, ROS seems to be a cue for the production of EPS in Pto DC3000 (Keith et al., 

2003). The bactericidal effect of ROS may be direct through local exposure in the host or 

indirect via the action of antimicrobial compounds inducing oxidative stress intracellularly 

leading to cell death (Kohanski et al.). A P. syringae pv. syringae B728a mutant compromised 

in quorum sensing produces less alginate and has increased sensitivity to ROS, indicating a 

role for EPS in tolerating oxidative stress (Quiñones et al., 2005). The reduced in planta 

growth of Pto Δalg/psl/wss compared to wild-type could be due to higher sensitivity towards 

ROS or other antimicrobial compounds. The contribution of EPS to protect against ROS could 

be tested in vitro by assessing the sensitivity to H2O2. Although the tested PTI-compromised 

lines trigger a reduced ROS towards bacterial crude extracts (Figure 3.4), there is still the 

possibility that other PAMPs contribute to ROS production during the infection. 

 

EPS play an important role in the pathogenesis of many bacteria as a structural component 

of biofilms mediating the direct interaction with the host and cell-cell contact. The 

contribution and properties of individual types of EPS to biofilms varies between bacterial 
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species (Flemming and Wingender, 2010, Petrova and Sauer, 2012). The structure of biofilms 

has been extensively studied in P. aeruginosa, where the major EPS components are alginate, 

Pel and Psl (Franklin et al., 2011). Accumulating evidence suggests that individual types of 

EPS are involved in different stages of the P. aeruginosa infection process (Schurr, 2013). P. 

aeruginosa with deletions in pel and psl genes lose their ability to form a biofilm (Friedman 

and Kolter, 2004, Jackson et al., 2004) suggesting that Pel and Psl serve as the main structural 

EPS components of the biofilm matrix. More specific functions have been reported for Pel 

and Psl, such as cell-to-cell interactions (Colvin et al., 2011, Ma et al., 2009) and crosslinking 

of extracellular DNA strands (Jennings et al., 2015), but clear functional differences could not 

be established and may be strain-specific and depend on the experimental approach. 

Although alginate is not essential for P. aeruginosa biofilm formation (Wozniak et al., 2003), 

it contributes to specific physical biofilm properties and biological function (Hentzer et al., 

2001, Flemming and Wingender, 2010). In addition, the three EPS molecules are not 

produced simultaneously, suggesting different roles of EPS types in adaption to the plant 

environment (Franklin et al., 2011, Petrova and Sauer, 2012). Therefore, Pel and Psl seem to 

be especially important in the early stages of biofilm formation to form a structural scaffold, 

while alginate might be involved in stress protection during later stages of infection. 

Monitoring the colonization pattern of fluorescently tagged Pto DC3000 wild-type and EPS 

mutant strains during plant infection by confocal microscopy could provide more insights 

into the structural role of EPS. For example, it would be interesting to analyse the 

contribution of EPS to colony formation and colony expansion during plant infection. 

Furthermore, it is unclear whether EPS contribute to cooperation or competition of bacterial 

cells during infection. EPS could confer either a competitive advantage for the producing cells 

or function as a common good. It has been suggested that Psl from P. aeruginosa is a social 

trait, but preferentially shared with other Psl-producing cells (Irie et al., 2017). Confocal 

microscopy of mixed infections with varying inoculum densities reveals spatial dynamics and 

interaction of different bacterial strains during plant colonization (Rufian et al., 2017). 

Following the spatial and temporal dynamics of wild-type and EPS mutant strains during 

mixed infections could provide valuable insights into the role of EPS for cooperative or 

competitive behavior of Pto DC3000 during plant infections. 
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Chapter 5 

Influence of a heterologous pattern 

recognition receptor on symbiotic and 

pathogenic bacterial interactions in 

Medicago truncatula 
Parts of this chapter have been published in a pre-print manuscript (Pfeilmeier et al., 2017), 

for which I performed the experimental work (unless otherwise stated in the text) and wrote 

the first draft. The co-authors provided technical help, performed individual experiments or 

contributed intellectually to project design and manuscript writing. 
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5.1 Summary 

Interfamily transfer of plant pattern recognition receptors (PRRs) represents a promising 

biotechnological approach to engineer broad-spectrum, and potentially durable, disease 

resistance in crops. It is however unclear whether new recognition specificities to given 

pathogen-associated molecular patterns (PAMPs) affect the interaction of the recipient plant 

with beneficial microbes. To test this in a direct reductionist approach, I transferred the 

Brassicaceae-specific PRR ELONGATION FACTOR-THERMO UNSTABLE (EF-Tu) RECEPTOR 

(EFR) from Arabidopsis thaliana to the legume Medicago truncatula, conferring recognition 

of the bacterial EF-Tu protein. Constitutive EFR expression led to EFR accumulation and 

activation of immune responses upon treatment with the EF-Tu-derived elf18 peptide in 

leaves and roots. The interaction of M. truncatula with the bacterial symbiont Sinorhizobium 

meliloti is characterized by the formation of root nodules that fix atmospheric nitrogen, and 

its elf18 epitope is recognized by EFR. Although nodule numbers were slightly reduced at an 

early stage of the infection in EFR-Medicago when compared to control lines, nodulation was 

similar in all lines at later stages. Furthermore, nodule colonization by rhizobia, and nitrogen 

fixation were not compromised by EFR expression. Importantly, the M. truncatula lines 

expressing EFR were substantially more resistant to the root bacterial pathogen Ralstonia 

solanacearum. My data suggest that the transfer of EFR to M. truncatula does not impede 

root nodule symbiosis, but has a positive impact on disease resistance against a bacterial 

pathogen. In addition, the results indicate that Rhizobium can either avoid PAMP recognition 

during the infection process, or is able to actively suppress immune signalling. In addition, a 

complementary approach to study the relevance of PAMP recognition during symbiosis has 

been initiated by engineering an eliciting PAMP in Sinorhizobium meliloti. 

 

5.2 Introduction 

Plant pattern recognition receptors (PRRs) perceive conserved characteristic microbial 

features, termed pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs), 

and trigger an immune response commonly referred to as PAMP- or pattern-triggered 

immunity (PTI). This confers basal disease resistance against adapted pathogens and plays a 

major role in non-host resistance against non-adapted pathogens (Boutrot and Zipfel, 2017, 

Lee et al., 2017). Plants recognise a wide variety of PAMPs, and it is becoming increasingly 

clear that many PRRs have evolved in a family- or even species-specific manner (Boutrot and 
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Zipfel, 2017). While some PRRs, such as FLAGELLIN SENSING 2 (FLS2, which detects the PAMP 

epitope flg22 from bacterial flagellin) are present in all higher plant species, others have only 

evolved in certain plant families (Boller and Felix, 2009, Boutrot and Zipfel, 2017). For 

example, the ELONGATION FACTOR-TU RECEPTOR (EFR), which recognizes the highly 

abundant and conserved bacterial protein EF-Tu (or the PAMP epitope elf18) and was first 

identified in Arabidopsis thaliana, seems to be present only in Brassicaceae (Boller and Felix, 

2009). Based on these observations, the ability to transfer novel PAMP recognition 

capabilities across plant species, families or even classes represents a promising 

biotechnological strategy to engineer broad-spectrum (and potentially durable) disease 

resistance in crops (Boutrot and Zipfel, 2017, Michelmore et al., 2017, Dangl et al., 2013, 

Rodriguez-Moreno et al., 2017). For example, the transgenic expression of EFR in other plant 

species, such as tomato (Solanum lycopersicum), Nicotiana benthamiana, wheat (Triticum 

aestivum), or rice (Oryza sativa) confers elf18 recognition and quantitative resistance to a 

range of bacterial pathogens including Ralstonia solanacearum, Pseudomonas syringae, 

Xanthomonas perforans, X. oryzae and Acidovorax avenae (Lacombe et al., 2010, 

Schwessinger et al., 2015, Schoonbeek et al., 2015, Zipfel et al., 2006, Lu et al., 2015). In 

addition, the PRR XA21 (which recognises the tyrosine-sulfated peptide RaxX; (Pruitt et al., 

2015)) from the wild rice O. longistaminata confers increased resistance against 

Xanthomonas spp. when expressed in banana (Musa sp.), sweet orange (Citrus sinensis) or 

N. benthamiana (Mendes et al., 2010, Tripathi et al., 2014, Holton et al., 2015). Similarly, the 

PRR ELICITIN RECEPTOR (ELR) from the wild potato S. microdontum or the A. thaliana PRR 

RECEPTOR-LIKE PROTEIN 23 (RLP23, which recognises the taxonomically conserved peptide 

nlp20) confer increased resistance to the oomycete Phytophthora infestans when expressed 

in cultivated potato (S. tuberosum) (Albert et al., 2015, Du et al., 2015). These selected recent 

examples illustrate that PRRs normally restricted to specific plant taxonomic lineages remain 

functional when expressed in other plant species. Beyond the biotechnological usefulness of 

this property, this also illustrates that immune signalling components acting downstream of 

PRRs must be (at least partially) functionally conserved. 

While plants must constantly defend themselves against potential invaders, they also form 

close interactions with beneficial microbes, in what is commonly referred to as the plant 

microbiome (Müller et al., 2016, Hacquard et al., 2017). While all plants express PRRs as part 

of their innate immune system, it is however still unclear whether the engineering of novel 

PAMP recognition specificities through heterologous PRR expression affects the beneficial 

interaction of plants with commensal microbes.  
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The symbiosis between rhizobia and legumes is a defined and well understood interaction 

involving mutual communication. The symbiotic interaction starts with plant roots secreting 

chemical signals, including flavonoids, to attract host-compatible rhizobia. In turn, rhizobia 

produce symbiosis-inducing Nod factors, which are perceived by the plant and trigger two 

independent, yet coordinated, developmental processes: nodule organogenesis and 

bacterial infection (Oldroyd and Downie, 2008, Madsen et al., 2010). Bacteria attach to the 

root hair tip and form micro-colonies, from which they invade the plant tissue by growing 

inside a tubular structure called an infection thread. In parallel to the root hair infection, 

plant cortical cells divide and develop a new organ, known as a nodule, which ultimately 

accommodates the rhizobia. In mature nodules, bacteria live as membrane encased 

bacteroids and fix atmospheric nitrogen making it available to the plant (Oldroyd and 

Downie, 2008). The harmonious interplay between both organisms requires continuous 

signal exchange and can be terminated at various stages (Gibson et al., 2008, Cao et al., 

2017).  

Although the role of PAMP perception and immune signalling during symbiosis has not been 

extensively studied, there is accumulating evidence to suggest that rhizobia are initially 

perceived as potential invaders (Cao et al., 2017). The apparent overlap of components and 

concepts between immunity and symbiosis signalling pathways in legumes is both intriguing, 

and relevant to the question about the importance of PAMP recognition during these 

contrasting processes (Zipfel and Oldroyd, 2017). Rhizobia are capable of eliciting PTI, 

because suspension cultures of Mesorhizobium loti can trigger defence-associated responses 

in the legume Lotus japonicus, such as ethylene production, mitogen-activated protein 

kinase (MAPK) activation and immune gene transcription in a similar way to the flg22 peptide 

(Lopez-Gomez et al., 2012). In addition, PTI signalling triggered by exogenous application of 

the Pseudomonas aeruginosa-derived flg22 peptide delays nodulation and reduces nodule 

numbers during the symbiosis between L. japonicus and M. loti (Lopez-Gomez et al., 2012). 

Transcriptional studies in different legume species also revealed the transient upregulation 

of immune-related genes upon first encounter with its rhizobial symbiont, followed by a 

downregulation during the onset of symbiosis. For example, immune and stress-related 

genes in M. truncatula roots were upregulated 1 hour post-inoculation (hpi) and 

subsequently downregulated to a minimal level at 12 hpi in response to S. meliloti inoculation 

(Lohar et al., 2006). Similarly, transcriptome analysis of root hair cells from soybean and M. 

truncatula showed induction of defence genes 24 hpi with Bradyrhizobium japonicum and S. 

meliloti, respectively, then a marked reduction at later time-points (Libault et al., 2010, 
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Breakspear et al., 2014) . Interestingly, the early activation of plant defence may play a role 

in the selection of symbionts and endophytes versus pathogens during the early stages of 

the rhizobia-legume interaction (Zgadzaj et al., 2015).  

5.3 Results 

5.3.1 Transgenic expression of EFR in Medicago truncatula conferred elf18 recognition in 

leaves and roots  

To test directly in a reductionist approach whether a novel PAMP recognition ability affects 

the symbiotic interaction between legumes and rhizobia, I expressed the A. thaliana EFR 

(EFR) gene in M. truncatula to engineer the perception of EF-Tu (or derived elf18 peptide) 

from its symbiont S. meliloti.  

 

Figure 5.1. Transgenic EFR-Medicago responds to elf18 peptide. (A) Phenotype of two independent 
stable EFR expressing M. truncatula lines, 26-8 and 18-1, and their null segregant control lines 26-2 and 
18-3, respectively. White scale bar represents 5 cm. (B) Western blot of leaf material from EFR-Medicago 
lines (26-8 and 18-1) and control lines (26-2 and 18-3) using α-HA antibody to detect AtEFR-HA. 
Membrane was stained with Coomassie Brilliant Blue (CBB) as loading control. ROS burst was 
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monitored in (C) leaf discs and (D) root segments from line 26-8 (left panels) and from line 18-1 (right 
panels) after application of 100 nM elf18 peptide and displayed as relative light units (RLU). Values are 
means ± standard error (n=8). The experiments were performed three times with similar results. 

 

 

Figure 5.2. Alignment of elf18 peptide sequences. Peptide sequences are displayed with N-terminal 
acetylation (ac-) from following species: Xanthomonas alfalfae subsp. alfalfae CFBP3836, X. campestris 
pv. campestris 8004, S. meliloti 1021, Escherichia coli K12, R. solanacearum GMI1000, Pseudomonas 
syringae pv. syringae ALF3, P. syringae pv. tomato DC3000. Elf18 peptide sequences belong to seven 
groups with different eliciting activity according to Lacombe et al. 2010. Multiple sequence alignment has 
been created with Boxshade v3.21. Shadings indicate different degrees of conservation. Asterisk (*) in 
consensus indicates identity across all sequences. 
 

With the help of Matthew Smoker3, M. truncatula ecotype R108 was stably transformed with 

pCaMV35S::EFR-HA by Agrobacterium tumefaciens-mediated transformation (Cosson et al., 

2006). Two independently transformed lines with a single insertion event were isolated (lines 

26-8 and 18-1) and characterized alongside their respective null segregants as control (lines 

26-2 and 18-3). Transgenic EFR-Medicago plants showed similar growth and development as 

their control lines (Figure 5.1A), and EFR accumulation could be detected in leaf tissue by 

western blot analysis (Figure 5.1B). EFR specifically perceives the PAMP elf18 from various 

bacterial species (Figure 5.2), including the M. truncatula symbiont S. meliloti, and initiates 

immune signalling (Kunze et al., 2004, Lacombe et al., 2010). Transgenic EFR-Medicago 

plants responded to local treatment with the elf18 peptide by production of a transient burst 

of reactive oxygen species (ROS) in leaves (Figure 5.1C) and roots (Figure 5.1D). I also tested 

responsiveness to the PAMP flg22, and confirmed that all lines responded to the peptide 

(Figure 5.3), showing that the presence of EFR does not interfere with the function of an 

endogenous PRR (i.e. FLS2). These results show that EFR is functional in M. truncatula as it 

provides responsiveness to the PAMP elf18. 

                                                            
3 The Sainsbury Laboratory, Norwich Research Park, Norwich, NR4 7UH, UK. 
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Figure 5.3. M. truncatula responds to flg22 peptide. ROS burst was monitored in root segments from 
line 26-8 and 26-2 (A) and from line 18-1 and 18-3 (B) after application of 100 nM flg22 peptide and 
displayed as relative light units (RLU). Values are means ± standard error (n=8). Experiment was done 
twice with similar results. 

 

5.3.2 EFR expression did not affect the long-term symbiosis between S. meliloti and M. 

truncatula  

I tested whether heterologous expression of EFR affects the symbiosis between S. meliloti 

and M. truncatula. Expression of EFR in M. truncatula did not have a negative effect on plant 

growth after inoculation with S. meliloti, as the plant phenotype and fresh weight were 

similar in EFR-expressing and control plants when symbiosis was established at four weeks 

after infection (Figure 5.4A and B). EFR expression was driven by the ubiquitous CaMV35S 

promoter, and I was able to detect EFR accumulation in different root tissues, such as the 

main root, lateral roots and nodules (Figure 5.5).  

Next, different stages of the rhizobial infection and the nodulation process were 

examined. Perception of PAMPs and the initiation of PTI signalling presumably happens at 

the beginning of infection, when the plant first encounters the microbe. I therefore tested 

whether EF-Tu recognition affects symbiotic interaction at this early stage. The formation of 

micro-colonies at the root hair tip, the number of infection threads and nodule primordia 

were similar between EFR-Medicago and the control lines (Figure 5.6). Together with Sonali 
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Roy4 and Jeoffrey George5, I looked at the formation of nodules at various time-points. 

Scoring total nodule numbers of the root at an early time-point (10 dpi) we observed a small, 

but significant, reduction in EFR-Medicago lines compared to control lines (Figure 5.7). Total 

nodule numbers were reduced by 25% in line 18-1 and by 35% in line 26-8 at this early time-

point. Importantly, all nodules were colonized by rhizobia, as detected by staining for β-

galactosidase activity in nodules colonized by the S. meliloti strain 1021-lacZ, and the 

spectrum of nodule morphology was similar for all lines. Notably, we observed a small, but 

significant difference between the transformed null segregant control line 18-3 and the 

untransformed wild-type (Figure 5.7), which encouraged us to use the null segregants as an 

appropriate control to avoid artefacts that could be linked to the genetic transformation 

and/or the associated in vitro culture process. 

 

Figure 5.4. EFR expression does not effect development and fresh weight of M. truncatula 
infected with S. meliloti. (A) Plant pictures and (B) fresh weight were assessed of five-week old M. 
truncatula plants expressing EFR (26-8 and 18-1) and respective control lines (26-2 and 18-3) inoculated 
with Sm1021-lacZ and harvested at 28 dpi. White scale bar represents 5 cm. The experiment was done 
three times with similar results. 

                                                            
4 John Innes Centre, Norwich Research Park, Norwich, NR4 7UH, UK. (Present address: Noble 
Research Institute, Ardmore, OK73401, USA.) 
5 The Sainsbury Laboratory, Norwich Research Park, Norwich, NR4 7UH, UK. 
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Figure 5.5. M. truncatula roots and nodules stably express EFR. Accumulation of EFR can be 
detected in stem root (S), lateral roots (L) and nodules (N) by western blot using α-HA antibody. Root 
material and nodules were harvested after infection with Sm1021-lacZ at 28 dpi. Membrane was stained 
with Coomassie Brilliant Blue (CBB) as loading control. The experiment was done twice with similar 
results. 

 

 

Figure 5.6. Infection events between M. truncatula and S. meliloti are not affected by EFR 
expression. (A) Infection events were scored at 7 dpi on roots of M. truncatula lines expressing EFR 
(26-8 and 18-1) and control lines (26-2 and 18-3) infected with Sm1021-lacZ. MC: micro-colony. IT: 
infection threads. N: nodule primordia. Data from three independent experiments (each n=10) were 
combined. One-way ANOVA with p<0.05 did not indicate statistical significant differences (ns) between 
ctrl and EFR expressing lines. Representative images of Sm1021-lacZ micro-colony (B), elongated 
infection thread (C) and ramified infection thread (D). Scale bar represents 25 µm. 
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Figure 5.7. Nodulation between M. truncatula and S. meliloti is affected by EFR expression at 10 
dpi. Total nodules were scored at 10 dpi on roots of M. truncatula lines expressing EFR (26-8 and 18-
1), control lines (26-2 and 18-3) and untransformed wild-type R108 infected with Sm1021-lacZ. Data 
from three independent experiments (each n=25) were combined. Colours indicate three independent 
experiments: Exp#1 (blue), Exp#2 (green) and Exp#3 (red). Letters indicate statistical significance 
groups with p<0.05 after One-way ANOVA (Kruskal-Wallis’s test and Dunn’s multiple comparison). 

 

 

Figure 5.8. Nodulation and nitrogen fixation between M. truncatula and S. meliloti are not affected 
by EFR expression at 28 dpi. (A) Total nodules were scored at 28 dpi on roots of M. truncatula lines 
expressing EFR (26-8 and 18-1) and control lines (26-2 and 18-3) infected with Sm1021-lacZ. One-way 
ANOVA with p<0.05 did not indicate statistical significant differences. (B) Acetylene reduction to ethylene 
was measured on whole plants of M. truncatula lines expressing EFR (26-8 and 18-1) and control lines 
(26-2 and 18-3) infected with Sm1021 hemA::lacZ at 28 dpi. Production of ethylene is displayed as 
relative units (RU) per pink nodules of each root system. Letters indicate statistical significance groups 
with p<0.05 after one-way ANOVA and did not indicate statistical significant differences between ctrl and 
EFR expressing lines. The experiments were performed three times with similar results. 

 

I next assessed nodulation during the later stages of symbiosis. Four weeks after infection, 

symbiosis is well established and nodules are actively fixing atmospheric nitrogen (Oldroyd 

and Downie, 2008). There was no difference in total nodule numbers between both EFR-

Medicago lines and their respective controls (Figure 5.8A). In addition, acetylene reduction 

to ethylene has been measured to examine the enzymatic activity of rhizobial nitrogenase 
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inside nodules; this can be used as an indicator of the nitrogen fixation rate (Price et al., 

2015). Notably, root systems from EFR-Medicago and from the control lines reduced 

acetylene at similar rates (Figure 5.8B). In addition, the nodule morphology was similar in all 

lines, and no macroscopic signs of defence phenotypes or early senescence could be 

observed. 

Together, my results thus indicate that EFR expression in M. truncatula may cause a slight 

initial delay in nodule formation, but overall does not negatively affect either rhizobial 

infection or long term-nitrogen-fixing symbiosis.  

5.3.3 EFR expression increased the resistance of M. truncatula to the bacterial root pathogen 

R. solanacearum 

The β-proteobacterium R. solanacearum is a root pathogen that causes bacterial wilt disease 

in different plant species including M. truncatula (Vailleau et al., 2007, Mansfield et al., 

2012). M. truncatula plants infected with R. solanacearum develop disease symptoms such 

as chlorosis and wilting, ultimately leading to plant death (Vailleau et al., 2007). M. truncatula 

was infected with R. solanacearum by my collaborators Alice Morel and Nemo Peeters6. To 

test whether EFR can protect M. truncatula against bacterial pathogens, they infected EFR-

Medicago and control lines with R. solanacearum GMI1000, and monitored disease 

progression and survival of the plants over several days. EFR-expressing plants displayed a 

consistently higher survival rate than plants from the control lines (Figure 5.9A and B). 

Although these results were only statistically significant for line 26-8 (based on Mantel-Cox 

test), they reproducibly observed a tendency for higher disease resistance in line 18-1 across 

six independent experiments (Figure A8.4). A possible explanation for the enhanced disease 

resistance of line 26-8 compared to 18-3 may be the different EFR accumulation levels in 

these plants (Figures 5.1B and 5.5), which also translate into stronger elf18-induced ROS 

production in the root of line 26-8 compared to the line 18-1 (Figure 5.10).  

Overall, as previously observed with other EFR-expressing plant species infected with 

bacterial pathogens (Lacombe et al., 2010, Schwessinger et al., 2015, Schoonbeek et al., 

2015, Zipfel et al., 2006, Lu et al., 2015), EFR conferred increased quantitative resistance, 

delayed disease progression and increased survival under the used experimental conditions.  

                                                            
6 INRA/CNRS, Laboratoire des Interactions Plantes Micro-organismes (LIPM), UMR441, 

31326, Castanet-Tolosan, France. 
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Figure 5.9. EFR expression in M. truncatula provides quantitative resistance against the 
pathogen R. solanacearum. (A) M. truncatula lines expressing EFR 26-8 and control line 26-2 were 
infected with R. solanacearum GMI1000 and disease symptoms assessed daily. Survival rate is 
displayed over 12 days and statistical analysis performed with Mantel-Cox test, p=0.0013 (n=25). 
Experiments were repeated four times with similar results. (B) M. truncatula lines expressing EFR 18-1 
and control line 18-3 were infected with R. solanacearum GMI1000 and disease symptoms assessed 
daily. Survival rate is displayed over time and statistical analysis performed with Mantel-Cox test, 
p=0.121 (n=25). Experiments were done six times with similar tendency. 
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Figure 5.10. Dose-dependent ROS response of M. truncatula roots from EFR-expressing lines 26-
8 and 18-1 to elf18 peptide. ROS burst maximum (displayed as relative light units) was monitored in 
root segments of lines 26-8 and 18-1 and plotted against elf18 peptide concentration. Orange line was 
calculated by the sigmoidal non-linear fit function in GraphPad Prism 5. Values are means ± standard 
error (n=8). Experiment was done three times with similar results. 

 

5.4 Discussion 

Several PRRs have been successfully expressed in heterologous hosts across taxonomically 

diverse plant species to improve disease resistance, and PRRs have thus become attractive 

tools to use as part of the biotechnological arsenal to genetically engineer disease resistance 

in crops (Boutrot and Zipfel, 2017, Rodriguez-Moreno et al., 2017, Michelmore et al., 2017, 

Dangl et al., 2013). It was however still unclear whether such PRR transfer may negatively 

impact the association of the recipient plants with symbiotic microbes.   

In this chapter, I discuss the study of transgenic M. truncatula lines that express the 

heterologous PRR EFR to confer recognition of the endogenous PAMP EF-Tu from the 

symbiotic bacterium S. meliloti. These EFR-Medicago plants recognized elf18 peptide and 

initiated a PAMP-induced ROS burst in both leaves and roots (Figure 5.1C and D). As 

previously reported (Holton et al., 2015, Schwessinger et al., 2015), these results indicate 

that components involved in the PTI signalling pathway (and in PRR biogenesis) are also 

present and conserved in the root and leaves of M. truncatula, as they enable the 

functionality of EFR.  

Legumes benefit from the symbiosis with rhizobia during growth in nitrogen-limited soil due 

to the additional bioavailable nitrogen supplied by the bacteria. The growth and 

development of plants with an established symbiosis was similar between transgenic EFR-

Medicago and control lines. Therefore, I concluded that EFR expression did not exert a 
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negative effect on growth of infected plants, or on long-term symbiosis (Figure 5.4A and B). 

Likewise, early interaction events were unaltered by EFR expression. There was no major 

difference in the occurrence of micro-colonies, infection threads and nodule primordia 

formation between EFR-Medicago and control lines (Figure 5.6A). Although infection and 

nodulation are triggered simultaneously, both processes belong to different developmental 

programs (Murray et al., 2007, Tirichine et al., 2006). Interestingly, at an early time-point 

after rhizobial infection nodule numbers were slightly reduced in EFR expressing lines (Figure 

5.7). However, at later stages of symbiosis nodule numbers were similar in all lines (Figure 

5.8A). These data indicate that while nodulation might be delayed at early stages, the 

expression of EFR did not impede long-term nodulation. Importantly, the nitrogen-fixation 

capacity of nodules was unaffected by EFR expression (Figure 5.8B).  

The absence of detrimental effects of EFR expression on rhizobial nitrogen-fixing symbiosis 

may at first appear counterintuitive. Indeed, the EF-Tu-derived EFR ligand elf18 from S. 

meliloti is able to induce immune responses (Kunze et al., 2004, Lacombe et al., 2010), and it 

has previously been shown that elicitation of PTI using exogenous PAMP treatment can affect 

the interaction between rhizobia and legumes. For example, application of flg22 peptide or 

M. loti cells to L. japonicus triggered similar PTI responses leading to a delay in nodule 

formation and reduced nodule numbers (Lopez-Gomez et al., 2012). Furthermore, co-

inoculation experiments in M. truncatula recently showed that the pathogenic bacterium P. 

syringae pv. tomato (Pto) DC3000 induces immune responses and suppresses the 

establishment of the symbiosis with S. meliloti (Chen et al., 2017). In addition, constitutive 

activation of immune responses in M. truncatula in specific mutants or over-expression lines 

impairs nodule formation and symbiosis (Ryu et al., 2017, Berrabah et al., 2014, Berrabah et 

al., 2015, Domonkos et al., 2013, Wang et al., 2016, Bourcy et al., 2013). Interestingly, 

nodulation in M. truncatula was only impaired when plants were co-treated with the PAMP 

peptide flg22 together with M. loti, but not when flg22 was applied after symbiosis was 

established (Lopez-Gomez et al., 2012). Also, PAMP treatment seems to delay nodule 

development rather than impairing rhizobial fitness, as spontaneously nodulating snf1 

mutant plants were similarly affected by flg22 treatment (Lopez-Gomez et al., 2012). It thus 

appears that the timing of PTI activation and symbiotic signalling may be important to 

observe the impact of PAMP recognition on symbiosis. In this context, it is important to note 

that EFR expression in recipient transgenic plants does not seem associated with constitutive 

activation of immune responses, as no detrimental effects on plant growth or development 

have ever been observed in these plants in either axenic or non-sterile soil conditions 
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(Lacombe et al., 2010, Schwessinger et al., 2015, Schoonbeek et al., 2015, Lu et al., 2015) 

(Figures 5.1A and 5.4). Thus, my findings that EFR expression negatively affects early 

nodulation but not infection events or nodule numbers, as well as the observation that 

nitrogen fixation was unchanged at later stages of symbiosis, support the notion that the 

perception of rhizobial PAMPs might have an early transient effect on plant nodulation but 

does not compromise rhizobial fitness, infection, or the ultimate establishment of a 

functional nitrogen-fixing symbiosis during the natural infection process.  

My data therefore suggest that during a natural infection process, S. meliloti either evades 

EF-Tu recognition, actively suppresses PTI in the host, or that it is in a protected compartment 

within the plant. While rhizobia are known to carry a flg22 allele of the flagellin gene that is 

not recognized by the plant FLS2 receptor (Felix et al., 1999), the EF-Tu-derived elf18 peptide 

from S. meliloti is recognised by EFR (Lacombe et al., 2010, Kunze et al., 2004), suggesting 

that an immune evasion strategy is not conceivable here. Despite the manifold evidence that 

EFR expression provides efficient disease resistance, it is still unclear how the intracellular 

EF-Tu protein (and by extension the elf18 epitope) gets exposed to the EFR receptor during 

infection (Zipfel et al., 2006). EF-Tu has however been found in the cell-free supernatant from 

cultures of different bacterial species (Kazemi-Pour et al., 2004, Watt et al., 2005), and an 

active role for EF-Tu has been suggested during effector translocation via the type-6 

secretion system (T6SS) in P. aeruginosa (Whitney et al., 2015). Interestingly, EF-Tu was 

recently identified in bacterial outer membrane vesicles, which was linked to the ability of 

these vesicles to induce EFR-dependent immune responses in A. thaliana (Bahar et al., 2016), 

illustrating a possible mechanism by which this potent PAMP can be released. Although the 

leguminous hosts of rhizobia do not carry EFR, members of the Rhizobiales family have been 

found in the A. thaliana rhizosphere (Bai et al., 2015). I cannot therefore completely exclude 

the possibility that rhizobia have evolved strategies to control EF-Tu secretion. 

Previous transcriptomic studies indicate that rhizobia initially elicit an immune response, 

which is then suppressed as symbiosis proceeds (Lohar et al., 2006, Libault et al., 2010, 

Breakspear et al., 2014). In addition, co-inoculation with S. meliloti suppresses immune 

responses normally triggered by Pto DC3000 in M. truncatula (Chen et al., 2017). These 

results suggest that rhizobia have active mechanisms to suppress PTI. Plant pathogenic 

bacteria can suppress host immunity by secretion of effectors, many of which interfere with 

the canonical PTI pathway at different stages (Macho and Zipfel, 2015). Many of these PTI-

suppressing effectors are translocated within plant cells via the T3SS. While there is evidence 

suggesting that rhizobia also use effectors to suppress plant immunity, only a few rhizobial 
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effectors (Nop proteins) have been characterized (Staehelin and Krishnan, 2015). Rhizobial 

genomes encode several different secretion pathways, and the importance of T3SS, type-4 

secretion system (T4SS) and T6SS for symbiosis has been demonstrated genetically in certain 

rhizobial species (Sugawara et al., 2013, Nelson and Sadowsky, 2015, Bladergroen et al., 

2003). Sinorhizobium sp. NGR234 translocates multiple type-3 secreted effectors, including 

NopM, NopL, NopP and NopT, to interfere with immune signaling (Skorpil et al., 2005, Dai et 

al., 2008, Xin et al., 2012b, Ge et al., 2016b). However, the S. meliloti strain 1021 used in this 

study, Sm1021, only carries a T4SS gene cluster for translocation of effectors into host 

cytoplasm, and deletion mutant studies showed no impact of mutating the T4SS on 

nodulation (Jones et al., 2007, Nelson et al., 2016).  

Other bacterial mechanisms have been suggested to suppress PTI (Cao et al., 2017). For 

example, Nod factors not only play a role in initiating and maintaining symbiosis signaling, 

but also in suppression of plant immunity (Liang et al., 2013). Application of B. japonicum 

Nod factor to the non-host plant A. thaliana resulted in reduced accumulation of the immune 

receptors FLS2 and EFR at the plasma membrane (Liang et al., 2013). Although this partial 

suppression of PTI seems to be conserved in legume and non-legume plants, the impact on 

rhizobial-legume root infection has not been directly tested. Contrary to these findings, I 

detected EFR accumulation in the nodules of my transgenic M. truncatula plants (Figure 5.5). 

Exopolysaccharide (EPS) production is a common factor among plant-associated bacteria and 

has been previously associated with evasion of PTI (D'Haeze and Holsters, 2004, Aslam et al., 

2008). While EPS from rhizobia is absolutely essential for plant infection (Gibson et al., 2008), 

other cell surface polysaccharides such as lipopolysaccharides (LPS), glucomannan and cyclic 

β-glucans have been implicated in facilitating symbiotic interaction (Tellstroem et al., 2007, 

Williams et al., 2008, Niehaus et al., 1993, Mithofer et al., 1996). Notably, the EPS receptor 

EPR3 from L. japonicus specifically detects EPS from its symbiont and acts as a positive 

regulator of infection (Kawaharada et al., 2015, Muszynski et al., 2016). Mutant strains 

defective in cell surface polysaccharides result in impaired infections or ineffective nitrogen-

fixing nodules (D'Haeze and Holsters, 2004). For example, the succinoglycan-deficient 

Sm1021 exoY mutant induces immune-related genes more strongly than wild-type, 

indicating a possible involvement of succinoglycan in the suppression of immunity (Jones et 

al., 2008). Additionally, purified LPS from S. meliloti can suppress ROS burst in M. truncatula 

suspension cells treated with invertase (Tellstroem et al., 2007). However, the phenotypes 

of cell surface polysaccharide mutants are often difficult to interpret, because they seem to 

be specific for the type of polysaccharides, the rhizobial species and the host plant. It is 
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therefore likely that cell surface polysaccharides contribute to the symbiotic interaction in 

multiple ways in addition to facilitating immune evasion (Gourion et al., 2015). Legumes and 

rhizobia appear to be well adapted to each other for the specific and intimate symbiotic 

interaction (Gourion et al., 2015). As EFR shares the same components for signal 

transduction as other PRRs (Couto and Zipfel, 2016), rhizobia may have evolved mechanisms 

for evasion of PAMP detection and/or efficient suppression of PTI signaling downstream of 

the receptor. It will be thus interesting in future studies to investigate the exact mechanisms 

employed by rhizobia to suppress PTI. It is also conceivable that legumes themselves 

specifically suppress PTI in a local and timely manner in response to rhizobial signals (i.e. Nod 

factor or EPS) to facilitate infection by their symbionts. For example, localized immune 

tolerance could be achieved by limiting trafficking of PRRs into the infection thread and/or 

peribacteroid membranes to restrict recognition of those PAMPs. 

The transfer of EFR has already been shown to confer increased quantitative resistance 

against different bacterial pathogens in a wide range of plant species, including tomato, N. 

benthamiana, wheat and rice (Lacombe et al., 2010, Schwessinger et al., 2015, Schoonbeek 

et al., 2015, Zipfel et al., 2006, Lu et al., 2015). The study described in this chapter expands 

this list, and reveals that EFR is also functional when expressed in legumes (at least as 

demonstrated here for M. truncatula) and increases the survival of M. truncatula plants upon 

infection by the root bacterial pathogen R. solanacearum (Figure 5.9A and B). Thus, together, 

the data demonstrate that EFR expression can protect M. truncatula from the destructive 

root pathogen R. solanacearum, without compromising the overall symbiotic interaction 

with S. meliloti, which allows fixation of atmospheric nitrogen. My results suggest that 

legumes can be engineered with novel PRRs without affecting the nitrogen-fixing symbiosis, 

and may be relevant in the future as attempts to transfer this important symbiosis into non-

legume plants are currently ongoing (Zipfel & Oldroyd, 2017). More generally, it also 

illustrates that the transfer of PRRs across plant species does not necessarily come at a cost 

to the plant, but can actually increase its fitness when faced with aggressive pathogens. It 

will be interesting in the future to expand the reductionist approach used in this study to test 

whether heterologous PRR expression affects the composition and function of other 

commensals in the plant microbiome. A potential effect on the microbiome would then 

however need to be reconciled with the absence of obvious growth defects of transgenic 

plants expressing PRRs in non-sterile soil, and counterbalanced in an agricultural context 

against the benefit conferred by PRR transfer in terms of disease resistance under strong 

pathogen pressure. 
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5.5 Additional research approach: Engineering of an eliciting 

flg22 epitope in Sinorhizobium meliloti 

The heterologous expression of a PRR conferring a novel detection capability in the plant is 

a valuable tool to study the relevance of PAMP recognition during symbiosis. A 

complementary approach to address this question is to engineer an additional immunogenic 

epitope into the symbiont that would activate the plant immune system. Several plant-

associated bacteria, including the symbiont S. meliloti, have variants of the flg22 epitope that 

are not recognized by the plant receptor FLS2 (Sun et al., 2006, Felix et al., 1999, Pfund et al., 

2004) (Figure 5.11). To test whether recognition of flagellin via flg22 engineering affects the 

outcome of the symbiosis between legumes and rhizobia, I replaced the non-eliciting flg22 

in S. meliloti with an eliciting version, then characterised the rhizobial strains carrying novel 

flg22 variants for their capacity to elicit a ROS burst in plant and for bacterial motility. 

 

Figure 5.11. Alignment of flg22 sequences from plant-associated bacteria. Sequences of eliciting 
(+) and non-eliciting (-) flg22 alleles derived from Pseudomonas aeruginosa PA01, P. syringae pv. 
tomato (Pto) DC3000, Xanthomonas campestris pv. campestris (Xcc) B186, Sinorhizobium meliloti 1021, 
Agrobacterium fabrum C58 (formerly A. tumefaciens), Ralstonia solanacearum K60, and P. canabina 
pv. alisalensis (formerly P. syringae pv. maculicola) ES4326. Red letters indicate variation compared to 
the two eliciting sequence on top. 

 

5.5.1 Results 

5.5.1.1 Engineering a Sm1021 flaA deletion strain  

Sm1021 has four chromosomal copies of the fla gene encoding flagellin (Figure 5.12A and B), 

which constitute the structural component of the flagellum filament. Genetic and functional 

studies in the related strain Sm MV II-1 suggest that the flagellum is composed of at least 

two different flagellin proteins forming a heterodimer, with FlaA as the major component 

(Scharf et al., 2001). Deletion of flaA completely abolishes swarming motility in Sm MV II-1, 

while deletions of either flaB, flaC or flaD only reduced swarming (Scharf et al., 2001). As PTI-
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eliciting activity of flagellin is a dominant trait, it should be sufficient to engineer the fla gene 

with the highest abundance to obtain a mutant strain carrying a flg22 epitope capable of 

triggering PTI.  

I decided to first make a Sm1021 flaA deletion strain, Sm ΔflaA, to facilitate the screening by 

PCR of cells with a successfully introduced flaA gene encoding an eliciting flg22 variant. An 

in-frame deletion of flaA, leaving only 15 base pairs between the intact start and stop codons, 

was made in Sm1021 by a two-step homologous recombination process and confirmed by 

sequencing of a PCR product obtained with primers annealing to the chromosomal DNA 

outside of the recombinant plasmid (primers #1007 and #1008). Surprisingly, Sm ΔflaA was 

still motile, and swimming was reduced by only 25% compared to Sm1021 wild-type (Figure 

5.13). This is in contrast to the complete abolition of motility reported in the literature for 

flaA deletion in the related strains Sm MV II-1 and Rhizobium lupini H13-3 (Scharf et al., 

2001). 

 

 

Figure 5.12. flg22 sequences encoded by fla genes from Sm1021 and flg22 variants. (A) 
Chromosomal locus of fla genes on Sm1021 genome (JBrowser, http://lipm-bioinfo.toulouse.inra.fr/). 
Thin green line shows open reading frames with potential start codons. Arrow-shaped boxes represent 
annotated fla genes flaA, flaB, flaD and flaC (B) Sequences of flg22 derived from fla genes from S. 
meliloti (Sm) 1021 and fliC gene from P. aeruginosa (Pa) PA01. (-*) or (+*) indicates that eliciting activity 
of peptide has not been directly shown, but is likely to be as indicated. (C) Sequences of flg22 from P. 
aeruginosa (Pa) PA01 fliC, X. campestris pv. campestris B306 fliC, Sm1021 flaA and flg22 variants 
flg22Pa and flg22mod replacing chromosomal allele of Sm1021. Yellow colour highlights residues 
important for interaction with FLS2-BAK1 receptor complex (Sun et al. 2013), green and red colour mark 
residues important for eliciting activity (Felix et al. 1999, Sun et al. 2013). 

 

http://lipm-bioinfo.toulouse.inra.fr/
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Figure 5.13. Swimming motility of Sm1021 and Sm ΔflaA. Sm1021 wild-type (WT) and Sm ΔflaA were 
stabbed into TY media containing 0.3% agar and incubated for 2 days at 30°C. Scale bar represents 1 
cm. The experiment has been performed at least three times with similar results. 

5.5.1.2 Design of eliciting flg22 alleles in the flaA gene and their impact on motility 

I next tried to complement Sm ΔflaA with the full length flaA gene containing an eliciting 

flg22 variant, flg22Pa, which is derived from the P. aeruginosa PA01 sequence (Felix et al., 

1999) and has 11 amino acid residue changes compared to the flg22 sequence of FlaA from 

Sm1021 (Figure 5.12C). Notably, the flg22Sm variant, which has been previously identified to 

be an inactive PAMP (Felix et al., 1999), is derived from the FlaB protein sequence. The flg22 

epitope of FlaA has not been tested for eliciting activity, but based on structural and 

functional studies (Sun et al., 2006, Felix et al., 1999, Sun et al., 2013). I assumed that the six 

amino acid residue substitutions compared to FlaB are not important for receptor binding or 

activity of the peptide (Figure 5.12B and C). A chromosomal complementation was 

conducted in the Sm ΔflaA background with the full-length flaA gene containing the flg22Pa 

variant. I then screened for recombinant strains carrying flaA-flg22Pa but without any 

aberrant chromosomal rearrangements in the fla gene locus. As FlaB, FlaD and FlaC share a 

high degree of sequence identity with FlaA (Figure 5.14A), the integrity of the entire fla gene 

locus was tested by PCR with three different primer combinations amplifying flaA (primer 

#1346 and #1347, blue colour in Figure 5.14A), flaB to flaC (primer #1348 and #1349 red 

colour in Figure 5.14A) and flaA to flaC (primer #1346 and #1349, green colour in Figure 

5.14A), respectively. While I obtained four colonies containing flg22Pa as shown by PCR 

amplification (with primer #1007 binding outside and primer #1008 binding inside the 

recombinant construct) and sequencing, only one colony, Sm flaA-flg22Pa c5, had the right 

sizes of PCR products spanning across the fla gene locus as seen in the PCR amplification 

pattern of wild-type Sm1021 (Figure 5.14B and Figure A8.5). No PCR products were obtained 

with different primers sets spanning across the fla locus from the other three colonies, which 

were subsequently discarded (Figure A8.5). One colony, Sm flaA-flg22Pa c1, reverted back to 

its original state, Sm ΔflaA, in the second cross-over event of the homologous recombination 

during the allele replacement process as shown by PCR amplification of a shortened flaA 

gene (blue colour in Figure 5.14B) and shortened fla locus (green colour in Figure 5.14B). 
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Figure 5.14. Chromosomal engineering of flaA alleles in Sm1021. (A) Arrow shaped boxes represent 
chromosomal fla gene locus. Thick coloured lines show PCR amplification product with primers #1346 
and #1347 (blue), #1348 and #1349 (red), #1346 and #1349 (green). BLAST Needleman-Wunsch global 
alignment revealed sequence identity (and gaps) between the query flaA with flaB 93% (0%), with flaD 
75% (2%) and with flaC 59% (21%). (B) List of Sm1021 wild-type, Sm ΔflaA mutant and strains 
transformed with flaA encoding the flg22 variants Sm flaA-flg22Pa c5, Sm flaA-flg22Pa c1, Sm flg22Pa c2 
and Sm flg22mod c5. Coloured boxes show presence PCR product indicated in (A). Colony diameter of 
swimming motility test shown in (C) was grouped in different categories from highest (++++) to lowest 
(+) motility. (C) Swimming motility was assessed after stabbing strains from (B) into TY 0.3% agar plates, 
incubated for 4 days at 30°C. Asteriks * marks unrelated colony on medium surface. Scale bar represents 
1 cm. The experiment has been performed twice with similar results. 

 

To test if the novel flg22 alleles affect motility of the strains, I assayed bacterial swimming by 

measuring the diameter of the colony stabbed into growth medium with 0.3% agar 

concentration. While swimming was slightly reduced in Sm ΔflaA, it was drastically impaired 

in Sm flaA-flg22Pa c5 carrying the novel flg22Pa epitope (Figure 5.14C). Unexpectedly, motility 

of Sm flaA-flg22Pa c1 was reduced compared to Sm ΔflaA (Figure 5.14C) although both strains 

should have the same genetic background (Figure 5.14B).  

In parallel, I followed an alternative approach by engineering eliciting flg22 epitopes in the 

Sm1021 wild-type background, as this intragenic recombination approach is likely to be less 

invasive as introducing the complete flaA gene. I designed two independent constructs 

replacing only the flg22 sequence of the flaA gene with the P. aeruginosa-derived flg22Pa 
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sequence containing eleven altered amino acid residues and with a modified flg22mod version 

containing six altered amino acid residues (Figure 5.12C). The sequence design of flg22mod 

was guided by previous studies of systematic mutations of the flg22 peptide (Sun et al., 2006, 

Felix et al., 1999) and structural analysis of the FLS2-BAK1 ectodomains in complex with flg22 

(Sun et al., 2013). Although the eliciting activity of flg22mod peptide remains to be 

experimentally tested, it is likely to be active, because critical residues for binding and 

activation were maintained (Figure 5.12C). The resulting Sm flg22Pa c2 and Sm flg22mod c5 

strains were validated by sequencing to carry the novel flg22 variants and used for further 

analysis. Furthermore, both strains with novel flg22 variants showed the same pattern as 

Sm1021 wild-type in terms of PCR products obtained with primers spanning the fla gene 

locus (Figure 5.14B and Figure A8.5). 

Interestingly, the novel flg22 variants seemed to have a dominant negative effect on motility, 

as Sm flg22Pa and Sm flg22mod swimming was reduced by 50%, while Sm ΔflaA was only 

reduced by 25% compared to wild-type (Figure 5.14B and C). Although the strains Sm flaA-

flg22Pa c5 and Sm flg22Pa c2 should have the identical flaA allele and fla gene locus based on 

sequencing and PCR amplification pattern, both showed different degrees of motility, that is 

reduced compared to their parental strain Sm ΔflaA and Sm1021, respectively (Figure 5.14B 

and C). Overall, the data suggest that flaB, flaD and/or flaC partially compensate for lack of 

FlaA, which leads to only slightly reduced motility in Sm ΔflaA. The dominant-negative effect 

of the introduced novel flg22 variants in flaA implies their interference with flagellum 

assembly and/or function, which may be caused by structural changes induced in the FlaA 

protein by the introduced mutations. 

5.5.1.3 Immunogenic activity of Sm1021 strains with eliciting flg22 variants 

Next, I made crude extracts from the different rhizobial strains to examine the capacity of 

the novel flg22 variants to elicit plant immunity. Bacterial extracts from neither Sm flg22Pa or 

Sm flg22mod triggered a FLS2-dependent ROS burst when applied to A. thaliana Col-0 and fls2 

plants (Figure 5.15). This suggests that flaA is probably not or only marginally expressed or 

that FlaA does not accumulate in these mutants. In that case, impaired flagellum assembly 

could not explain the dominant-negative effect observed on swimming motility.  
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Figure 5.15. Sm1021 strains with novel flg22 alleles do not trigger FLS2-dependent ROS burst. 
Total ROS production was measured in A. thaliana Col-0 and fls2 mutants after treatment with bacterial 
extracts from Sm1021, Sm ΔflaA, Sm flg22Pa c2, Sm flg22mod c5, or flg22 peptide for 60 min. Error bars 
are standard errors (n = 8) and statistical analysis by Mann-Whitney test with p<0.05 (***). The 
experiment has been performed once. 
 

 

Figure 5.16. Illustration of swimming plates with bacterial flares representing cells with restored 
motility. (A) Exemplary swimming plate to illustrate restoration of motility. Sm1021, Sm ΔflaA, Sm 
flg22Pa c2, and Sm flg22mod c5 were stabbed into TY media containing 0.3% agar, and incubated for 7 
days at 30°C. White arrows mark flares from which cells have been isolated (C) Isolated cells were tested 
for motility by stabbing strains in SM medium containing 0.3% agar and incubated for 4 days at 30°C. 
The experiment has been performed twice with similar results. 

 

Previously, flagellin was engineered in pathogenic bacteria from plants and mammals (Sun 

et al., 2006, Andersen-Nissen et al., 2005). Site-specific mutagenesis in fliC – the flaA 

homologue in Salmonella typhimurium – resulted in loss of motility due to incorrect assembly 

and function of the flagellum (Andersen-Nissen et al., 2005). Therefore, it has been 

suggested that compensatory mutations in other domains of the flagellin protein are 
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necessary to allow multimerization for proper filament formation (Andersen-Nissen et al., 

2005). 

After seven days incubation at 30°C, flares started to appear at the edge of the Sm flg22Pa 

and Sm flg22mod colonies (Figure 5.16A) suggesting evolutionary adaptation leading to 

increased motility of individual cells. Some of the bacteria isolated from these flares had 

regained swimming motility to a similar extent as wild-type Sm1021 (Figure 5.16B and 

5.17A). I made crude extracts of selected isolates, and tested them for ROS burst eliciting 

activity in plants. Before lysis of cells in the exponential growth phase (OD600 = 0.5-1.2), I 

confirmed flagella-driven motility by light microscopy. However, the motile strains carrying 

novel flg22 variants did not trigger an enhanced ROS burst compared to wild-type Sm1021 

(Figure 5.17B). Lysate from P. aeruginosa PA01 with the endogenous flg22Pa and synthesised 

flg22Pa peptide were used as positive controls. This finding suggests that the engineered FlaA 

proteins are not expressed in Sm1021, and that the reverted motility was probably 

independent of flaA. 

 

Figure 5.17. Sm1021 with novel flg22 alleles that regained motility did not trigger ROS burst. (A) 
Sm1021 wild-type and isolated suppressor cells with regained motility were stabbed into SM medium 
containing 0.3% agar and incubated for 4 days at 30°C. Swimming colony diameter is presented relative 
to that of wild-type Sm1021. (B) ROS burst in N. benthamiana leaf disc was measured after application 
of bacterial crude extracts from P. aeruginosa PA01, wild-type Sm1021, or Sm1021 suppressor cells 
with regained motility (z1, z3, z7, z8, m1, m4, m10, p1, and p5), or 100 nM flg22 peptide. Values are 
means ± standard error (n = 8). The experiment has been performed once. 

 

5.5.1.4 Characterization of a M. truncatula fls2 Tnt1 insertion line 

In parallel, a M. truncatula mutant line (NF15434) with a predicted Tnt1 insertion in the FLS2 

locus was obtained, as it could be used as a control alongside wild-type M. truncatula R108 

for nodulation experiments with the Sm1021 strains carrying eliciting flg22 variants. The 

Mtfls2 Tnt1 insertion line was identified in the collection of the Samuel Roberts Noble 

Foundation, which hosts a collection with over 21,000 M. truncatula Tnt1 retrotransposon 
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insertion lines (Cheng et al., 2014). Tobacco Tnt1 is a DNA-retrotransposon, which mobilizes 

in M. truncatula during regeneration in tissue culture but is otherwise stable (D'Erfurth et al., 

2003). The Tnt1 insertion (5.2 kb) in the MtFLS2 gene in the line NF15434 was localized by 

sequencing the Tnt1 flanking sequence tags to a position 2,605 bp after the start codon, 

which is in an exon just before the kinase domain (Figure A8.6). Homozygous Mtfls2 Tnt1 

insertion lines were identified by PCR-genotyping. Mtfls2 Tnt1 insertion lines did not express 

full-length MtFLS2 transcripts and were unable to produce a flg22Pa-induced ROS burst 

(Figure 5.18A and B). As Tnt1 lines typically contain several background insertion events in 

the M. truncatula genome (Tadege et al., 2008), the characterized Mtfls2 lines were 

backcrossed once to the parental wild-type R108 line, and the resulting heterozygous 

FLS2/fls2 lines subsequently self-fertilized to obtain homozygous Mtfls2 knock-out lines. 

Three independently backcrossed Mtfls2 lines have been isolated, and they do not show any 

unusual phenotypic variations compared to wild-type R108 during growth in soil in 

controlled environment chambers. The symbiotic infection efficiency with rhizobia has not 

yet been tested on these lines. 

 

Figure 5.18. Identification of M. truncatula Tnt1 insertion lines Mtfls2 with non-functional FLS2. 
(A) qPCR analysis has been performed with mRNA isolated from leaves of four homozygous Tnt1 
insertion lines (NF15434) Tnt1 #1, #16, #5, #7 and wild-type R108 after cDNA synthesis. qPCR primers 
were designed at FLS2 3’ (#Mt3 and #Mt4) and 5’ (#Mt1 and #Mt2) ends at either side of the Tnt1 
insertion. Expression was normalized with transcripts of the housekeeping genes UBQ (#Mt5 and #Mt6) 
and PDF2 (#Mt7 and #Mt8). Values are means ± standard error (n = 3). (B) ROS burst was measured 
in leaf discs of M. truncatula lines Tnt1 #16, #12, #7, #5 and wild-type R108 after flg22 (100 nM) 
application. Values are means ± standard error (n = 8). These experiments were performed once. 

 

5.5.2 Discussion 

Accumulating evidence suggests that evasion of plant immunity is crucial for rhizobia 

infecting their host legumes (Cao et al., 2017). The flg22 epitope of the legume symbiont S. 
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meliloti is divergent in the otherwise conserved domain and does not elicit typical defence 

responses in plants (Felix et al., 1999).  

I generated Sm1021 mutant strains with chromosomal replacements of the flg22 sequence 

in the flaA gene with the aim to creating a new PAMP recognition capability by the M. 

truncatula PRR FLS2. However, bacterial crude extracts of the strains with novel flg22 

variants, Sm flg22Pa and Sm flg22mod, did not trigger a FLS2-dependent ROS burst (Figure 5.15) 

indicating a lack of eliciting-flagellin gene expression or protein accumulation. Additionally, 

the introduced flg22 variants seem to have a strong dominant-negative effect on motility, as 

it was more strongly impaired in Sm flg22Pa and Sm flg22mod than in the Sm ΔflaA deletion 

mutant (Figure 5.14B and C).  

Flagellin engineering has been done previously in mammalian and plant pathogenic bacteria 

(Clarke et al., 2013, Andersen-Nissen et al., 2005, Sun et al., 2006). Plant and mammalian 

innate immune systems recognize different epitopes of the flagellin protein, but in both 

cases the immunogenic epitope is located within a conserved domain of the protein 

(Fliegmann and Felix, 2016). Replacement of a sequence of eight amino acids in the 

immunogenic flagellin epitope of Salmonella typhimurium with a non-eliciting allele from 

Helicobacter pylori enables the pathogen to evade TOLL-LIKE RECEPTOR 5 (TLR5) recognition 

(Andersen-Nissen et al., 2005). However, these amino acid replacements severely impaired 

motility, which confers a disadvantage during host infection. Based on structural information 

of the molecular interaction between flagellin from S. typhimurium, Andersen-Nissen et al. 

demonstrated that compensatory mutations in other parts of the flagellin subunit are able 

to preserve a functional flagellum (Andersen-Nissen et al., 2005). However, the authors did 

not show this for the chimeric, non-eliciting flagellin variant, but for another non-motile 

mutant with reduced TLR5 activation. 

A natural Xanthomonas campestris pv. campestris (Xcc) strain has been isolated, which has 

a single amino acid substitution, V43D, in the flg22 epitope leading to evasion of FLS2 

recognition (Sun et al., 2006). Isogenic gene replacements, introducing the V43D variant into 

related Xcc strains, did not constrain motility and allowed the bacteria to evade FLS2 

detection (Sun et al., 2006). Similarly, the flg22 variant of Pseudomonas cannabina pv. 

alisalensis (Pcal) ES4326 is not recognized by FLS2, and complementation of the flagellin-

encoding gene fliC in Pto DC3000 with different fliC alleles from related Pto strains, including 

fliCPcal, remained motile (Clarke et al., 2013). Furthermore, sequence variations of flg22 were 

found in different natural populations of Pto exhibiting lower elicitation potential compared 

to the known eliciting flg22 epitope of Pto DC3000 (Cai et al., 2011). These studies highlight 
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that mutations in the immunogenic flagellin encoding gene can allow immune evasion while 

preserving motility.  

While previous fliC engineering has been done in bacterial species with a single flagellin gene 

copy [e.g. Salmonella, Xanthomonas and P. syringae (Andersen-Nissen et al., 2005, Sun et 

al., 2006, Clarke et al., 2013)], S. meliloti contains four fla homologues, which seem to 

function in a partially redundant manner (Scharf et al., 2001). Although flaA seems to be 

required for motility in Sm MV II-1 and Rhizobium lupini H13-3 (Scharf et al., 2001), there 

might be differences between strains, as flaA deletion in Sm1021 resulted in only a slight 

reduction of swimming motility (Figure 5.13). The dominant-negative effect of the novel 

flg22 variant on motility is difficult to explain. Indeed, the complete absence of FlaA had less 

effect on motility than the presence of a flaA variant with mutations in the flg22 encoding 

sequence (Figure 5.14B and C). However, my preliminary data suggest that FlaA proteins with 

the eliciting flg22 might not be present, because the bacterial extract did not trigger a FLS2-

dependent ROS burst (Figure 5.15). The absence of FlaA could be explained by disturbances 

on the post-transcriptional level, in a situation where FlaA with a novel flg22 variant induces 

a structural change and disrupts flagellum assembly (interfering with motility) and is 

subsequently degraded (so the extract does not trigger a ROS burst). In that case, Sm1021 

would need efficient protein degradation mechanisms for rapid clearing of the ‘defective’ 

flagellin protein. Although the integrity of gene synteny in the fla gene locus has been 

confirmed by PCR after the allele replacements, individual strains with similar gene synteny 

showed different degrees of motility. This indicates that other events could have happened 

during the gene replacement process that are not major chromosomal rearrangements, but 

have an impact on motility. 

Various bacterial cells with suppressor mutations could be isolated from the strains with 

reduced motility after several days of incubation. Individual cells recovered the ability to 

swim to a similar extent as wild-type (Figure 5.16). However, the fact that bacterial extracts 

from motile cells of these strains did not trigger a stronger ROS burst than wild-type (Figure 

5.17B) suggests that the flaA gene with the novel flg22 variant is not expressed or the 

introduced mutations (partially) reverted. There are multiple hypotheses to explain the 

recovered motility of the isolated cells without having eliciting activity: i) although it is very 

unlikely, point mutations in flaA could have reconstituted the original flg22 allele; ii) gene 

fusion of fla homologues and/or deletion of the novel flaA allele; iii) mutations in the 

promoter region leading to transcriptional changes favouring other fla homologues over flaA 

– these possibilities could be tested by analysing the integrity and sequence of the whole fla 
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gene locus by PCR and sequencing; and iv) regain of motility could also be achieved 

independently of flaA and/or fla locus by another mechanism, such as pili-dependent 

motility. Whole genome sequencing of several independent isolates could indicate common 

genetic markers responsible for the recovery of motility. As my attempt with chromosomal 

replacements of the fl22 sequence did not provide conclusive results, a rapid approach to 

study Sm1021 with an eliciting flg22 variant could be to transform various flaA alleles 

expressed from a plasmid under the native promoter in a ΔflaA/flaB/flaD/flaC background. 

This could also reveal whether a single fla gene is sufficient for flagellum assembly. 

A Mtfls2 Tnt1 insertion line has been obtained, which does not respond to flg22Pa (Figure 

5.18B), and thus represents a useful control line that could be use in the future alongside 

wild-type M. truncatula R108 to examine the effect of Sm1021 strains carrying eliciting flg22 

variants on the symbiotic interaction.  

Overall, genetically engineering the specific residues in bacterial PAMPs that determine the 

recognition by the plant is a valuable approach to understand the role of plant immunity 

during symbiosis in more detail and can provide insights into the evolutionary adaptation of 

rhizobia to establish symbiotic interactions. 
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In nature, plants are colonized by a plethora of microorganisms living as epiphytes on 

surfaces or as endophytes within the plant tissue. These microbes can be either in a 

commensal, mutualistic or pathogenic relationship with their host. While the majority 

behave rather neutrally towards the plant, specialized microbes can have a beneficial or 

detrimental effect on the host. To defend themselves against pathogenic attack, plants have 

evolved a multi-layered immune system comprising an array of extra- and intra-cellular 

receptors to detect microbes, and initiate immune responses orchestrated by an intricate 

network of phytohormones to ultimately restrict pathogenic growth (Dodds and Rathjen, 

2010). Cell surface-localized pattern recognition receptors (PRRs) perceive characteristic 

microbial features, termed pathogen (or microbe)-associated molecular patterns 

(PAMPs/MAMPs) and trigger an immune response leading to resistance against non-adapted 

pathogens and to basal resistance against adapted pathogens (Boutrot and Zipfel, 2017). 

Successful pathogens have evolved ways to colonize plants by overcoming these defence 

mechanisms. While plants must constantly defend themselves against harmful invaders, they 

also form close interactions with beneficial microbes and it is unclear whether PAMP 

recognition influences the beneficial interaction with commensals or symbionts (Trdá et al., 

2015, Hacquard et al., 2017).  

Colonization of plants is a complex process and bacteria need to respond to changing 

environmental conditions in a rapid and robust way to ensure survival and infection of the 

host. A central regulator of intracellular signalling pathways balancing a planktonic and 

motile versus a communal and biofilm-associated lifestyle is the secondary messenger cyclic-

di-GMP (cdG) (Jenal et al., 2017). Various studies in different bacteria indicate that high levels 

of cdG generally stimulate exopolysaccharide (EPS) production and biofilm formation, 

whereas lower levels promote motility and the expression of virulence factors in bacterial 

pathogens (Hengge, 2009). 

The central subject of this thesis is to understand how pathogenic and beneficial bacteria 

cope with plant immunity. To this end, I have investigated the role of bacterial EPS from 

different Pseudomonas species during plant infection. In a related project, I have addressed 

the question of whether perception of immunogenic PAMPs changes the outcome of the 

legume-rhizobia symbiosis.  
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6.1 The role of cyclic-di-GMP signalling in immune evasion 

and plant infection 

In Chapter 3, I examined the role of high cdG levels in commensal, beneficial and pathogenic 

Pseudomonas on evasion of plant immunity. I was able to show that both production of EPS 

and flagella-driven motility are important factors in P. syringae pv. tomato (Pto) DC3000 

during different stages of the infection process on Arabidopsis thaliana. During infection, the 

flagellum has a complex role, acting as a virulence factor and as an immunogen due to the 

recognition of its main structural component, flagellin, by the PRR FLAGELLIN SENSING 2 

(FLS2). Therefore, strict control of flagella synthesis is important for plant-associated 

bacteria. Elevated cdG levels due to expression of a recombinant diguanylate cyclase in the 

pathogen Pto DC3000, the opportunist P. aeruginosa PA01 and the commensal P. protegens 

Pf-5 helped the bacteria to evade FLS2-mediated defence. While elevated cdG levels 

promoted EPS production, they also inhibited flagellin synthesis and reduced accumulation 

of the PAMP flagellin, which could fully explain the observed evasion of FLS2-mediated 

immunity. However, during infection, Pto DC3000 did not benefit from this immune evasion, 

as high cellular cdG levels drastically reduced its virulence. This negative effect on virulence 

was probably a result of reduced flagellar motility and/or additional pleiotropic effects of 

cdG signalling on bacterial behaviour.  

cdG is an important intracellular signalling molecule controlling many bacterial traits 

including adhesion to surfaces, cell aggregation, biofilm formation, developmental 

transitions and virulence of pathogens, highlighting its central role for bacterial adaption to 

environmental conditions. Most bacterial species rely on intricate cdG signalling networks 

and carry multiple cdG metabolic enzymes. Cellular cdG levels are controlled by diguanylate 

cyclases (DGCs; characterized by GGDEF domains) producing cdG and phosphodiesterases 

(PDEs; characterized by EAL or HD-GYP domains) degrading the signalling molecule. Bacterial 

cells contain multiple cdG-binding components including proteins and RNA molecules that 

perceive cdG and trigger cellular downstream responses (Hengge, 2009). While the number 

of DGCs and PDEs for a given bacterial species can be predicted by genome analysis due to 

the conservation of characteristic domains, cdG-binding domains are highly diverse and 

many cdG-perceiving proteins with unusual binding domains have been discovered (Jenal et 

al., 2017). Given the multitude of cdG binding proteins, the regulatory activity can occur at 

the transcriptional, posttranscriptional or posttranslational level (Sondermann et al., 2012). 
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While an important role of cdG signalling has been established for virulence factors of P. 

aeruginosa infecting mammals (Malone et al., 2010, Tamayo et al., 2007), it has only been 

addressed in selected plant pathogens such as Xanthomonas campestris (Ryan, 2013), 

Erwinia amylovora (Edmunds et al., 2013), and recently also in P. syringae (Engl et al., 2014, 

Prada-Ramírez et al., 2016, Perez-Mendoza et al., 2014). Various studies, including the 

results presented in Chapter 3, showed that studying cdG signalling during plant 

pathogenesis by increasing total cdG levels in the cell (e.g. by recombinant DGC expression) 

(Perez-Mendoza et al., 2014) or by mutating global regulators of cdG-controlled pathways 

(e.g. Gac-Rsm network) (Vakulskas et al., 2015, Records and Gross, 2010, Kong et al., 2012, 

Grenga et al., 2017) can lead to pleiotropic phenotypes including the typical features of cdG 

signalling (e.g. motility and biofilm formation, but may mask other effects on virulence. 

Hence, deletion or overexpression of specific DGCs and/or PDEs might affect virulence in an 

unpredictable fashion. A systematic screen for virulence phenotypes in X. campestris pv. 

campestris did not identify a simple relationship between the predicted changes in cdG 

concentrations and virulence (Kulasakara et al., 2006, Ryan et al., 2007). These findings might 

indicate that finely tuned cdG signalling is required during individual stages of the complex 

plant infection process (Romling et al., 2013).  

Focussing on the identification of cdG binding proteins expressed during plant infection can 

be a valuable approach to elucidate the molecular mechanisms for how cdG controls specific 

cellular features of bacterial virulence. For example, pull-down experiments with 

biotinylated cdG found that cdG binds to the T3SS component HrcN, and may control T3SS 

assembly or activity (Trampari et al., 2015, Nesper et al., 2012). This finding could indicate a 

role of this signalling molecule in the modulation of type-3-secreted effector translocation 

dynamics. 

Different genetic repertoires of cdG signalling modules have been identified by genome 

comparison analysis of pathogenic, commensal and probiotic isolates of E. coli, indicating an 

cdG-mediated adaptive mechanism to host-specific and environmental niches (Povolotsky 

and Hengge, 2016). Similar results have also been observed for Pto DC3000 and P. 

fluorescens grown in rich media versus nutrient-limiting conditions (Malone and Trampari, 

unpublished data). Interestingly, the results presented in Chapter 3 showed that 

overexpression of the DGC wspR19 in three Pseudomonas species led to distinct Congo Red-

binding phenotypes due to differences in EPS production. Congo Red-binding and the typical 

wrinkly colony morphology was more pronounced in P. aeruginosa PA01 and P. protegens 

Pf-5 compared to Pto DC3000, and this was also reflected in distinctive cellular cdG levels. 
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This could indicate that cdG signalling is under tighter control in Pto DC3000 compared to 

the other two species. A preliminary BLAST search for proteins containing the canonical 

motifs for DGC (GGDEF) and for PDE (EAL or HD-GYP) enzymes in the genomes of P. 

aeruginosa PA01, P. protegens Pf-5 and Pto DC3000 revealed similar numbers of proteins 

with GGDEF (31 to 39 proteins), EAL (21 to 30 proteins) and HD-GYP (1 to 4 proteins) 

domains, suggesting complex regulatory systems control cellular cdG levels in all three 

species. 

Importantly, cdG binding proteins show varying affinity to the ligand indicating that the 

effective cellular cdG level and the receptor sensitivity together are crucial for triggering cdG-

dependent outputs (Pultz et al., 2012). Furthermore, a considerable fraction of cdG 

molecules in a given cell seem to be bound, which may result in high local concentrations 

that differ from the global concentration in the cell (Hengge, 2009). Multiple fluorophore-

based tools have been developed to quantify cdG levels within living cells, and on a single 

cell as well as on the population level (Rybtke et al., 2012, Christen et al., 2010, Strack et al., 

2014, Kellenberger et al., 2013). Recent studies have measured distinctive features of 

bacterial biofilms comparing wild-type and mutant strains under different environmental 

conditions. This led to the identification of extracellular cues that initiate cdG signalling and 

biofilm formation, such as mechanical stress (Rodesney et al., 2017), as well as the spatial 

and temporal distribution of cdG in a developing biofilm of P. aeruginosa (Nair et al., 2017). 

Combined use of genetic and microscopy tools revealed that E. coli ‘macrocolonies’ 

developed a biofilm with clearly separated zones showing different physiological states and 

forming complex supracellular structures with wrinkles and ridges. The formation of this 

particular biofilm architecture is most likely guided by finely tuned cdG signalling involving 

multiple DGCs and PDEs responding to microenvironmental conditions to control the 

synthesis of cellulose, curli, flagella and additional matrix components (Serra et al., 2013, 

Serra and Hengge, 2014, Serra et al., 2015).  

During plant infection, P. syringae is exposed to different environmental conditions on the 

surface and inside the plant tissue. Bacterial cells need to adapt to these conditions and 

perform a switch from a planktonic living mode during colonization and acute infection phase 

to the formation of colonies and biofilms during later infection stages inside the leaves. The 

tools described above to quantitatively monitor cdG levels of bacterial cells in a spatial and 

temporal manner, could be applied to visualize the impact of this important signalling 

molecule during different steps of plant infection.  

 



Chapter 6  General discussion and future perspectives 

117 

6.2 The role of bacterial exopolysaccharides during plant 

infection 

In Chapter 4, I addressed the role of EPS during plant infection. Besides surface adhesion, 

stress protection and biofilm formation (Arrebola et al., 2015, Quiñones et al., 2005), a role 

has also been suggested for EPS in suppression of PTI (Aslam et al., 2008, Silipo et al., 2010). 

To study whether EPS contributes to P. syringae infection of A. thaliana, deletion mutants of 

multiple EPS operons (alginate, acetylated cellulose [Wss] and Psl) were generated and have 

been tested for virulence. EPS-deficient Pto DC3000 mutants showed reduced virulence 

during infection of A. thaliana. A combination of at least two different types of EPS seemed 

to be required for normal proliferation in the apoplast. I tested whether there is a genetic 

link between EPS and PTI by infecting PTI-compromised A. thaliana lines. However, EPS-

deficient Pto DC3000 did not recover its virulence on the PTI-compromised mutants. This 

suggests that EPS has other roles independent of PTI suppression during the infection 

process, and does not exclude that EPS can suppress PTI. 

Biofilms represent a ubiquitous and abundant form of life for many microorganisms. Beside 

lipids, proteins and extracellular DNA, EPS are a major component of bacterial biofilms. These 

polymeric substances form a matrix that provides the architecture of biofilms with particular 

physical and hydrodynamic properties. In addition, biofilms also comprise 

microenvironments with spatial distribution of microbial populations and compounds, such 

as nutrients, communal signalling molecules and toxic metabolites. High cell densities and 

diversity in biofilms drive ‘social phenotypes’ (Nadell et al., 2009) that are characterised by 

cooperative or competitive behaviour between cells. Cooperative behaviour includes 

secretion of nutrient chelators, metabolic enzymes, surface-attaching adhesins, structural 

polymers and signalling molecules, and provides substantial advantages compared to a living 

mode as singular cells. But strains and species within the biofilm also compete with each 

other for limited space and resources. Secretion of antibiotic compounds, injection of toxins 

into adjacent cells and displacement of neighbouring cells are different ways to directly 

reduce the fitness of competitors (Nadell et al., 2009). The spatial arrangement of different 

strains and species within biofilms affects their cooperative and competitive behaviour. In 

turn, this social behaviour can alter the population structure and the spatial arrangement 

through interaction with neighbouring cells and local modification of matrix components 

that organize the biofilm architecture (Nadell et al., 2016). The secreted matrix has a crucial 

role in organising local and global biofilm architecture and proliferation of clonal cell 
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populations. For example, secretion of the protein RbmA by Vibrio cholerae enhances the 

bonds between cells and to the surrounding EPS (Berk et al., 2012, Smith et al., 2015). Pel 

and Psl are the main structural polysaccharides in P. aeruginosa biofilms and promote cell-

cell interactions as well as cross-linking of extracellular DNA molecules (Ma et al., 2009, 

Jennings et al., 2015). It has been suggested that the secretion of matrix components builds 

a scaffold with structural cavities that create growth space and define the spatial 

arrangement of cell lineages (Nadell et al., 2016). During growth of P. fluorescens in biofilms 

on agar plates, individual cells rapidly evolved mutations in the Rsm pathway providing them 

an evolutionary advantage as these cells are able to push themselves to the surface of the 

biofilm, probably due to enhanced secretion of EPS (Kim et al., 2014). A similar phenomenon 

could be observed in V. cholerae biofilms, in which strains secreting matrix components 

displace non-secreting competitor cells (Schluter et al., 2015, Nadell and Bassler, 2011).  

The study of model organisms, such as E. coli, V. cholerae, or P. aeruginosa, in experimental 

systems using in vitro cultures has revealed the genetic pathways, physiological responses 

and molecular signalling pathways underlying biofilm development (Flemming et al., 2016, 

Flemming and Wingender, 2010). In general, reductionist approaches using in vitro cultures 

helped identifying principles underlying biofilm structure and function, but have clear 

limitations as specific biofilm properties are strongly dependent on environmental 

conditions. Recently, a combined experimental and computational study analysed biofilm 

growth of E. coli populations in a porous medium with a microfluidic device, mimicking a soil 

environment (Coyte et al., 2017). In contrast to previous observations with growth 

experiments on planar agar surfaces, the results suggest that slow growing cells within a 

biofilm under the tested hydrodynamic conditions can have a competitive advantage 

compared to fast growing cells (Coyte et al., 2017).  

Natural biofilms can comprise various organisms such as bacteria, viruses, archaea, protozoa 

and fungi. Understanding the interaction in mixed-species communities will help to explain 

the emergent properties of biofilms such as stress tolerance and communal metabolic 

activities. Synthetic community experiments have been designed to study mixed-species 

biofilms and have provided insights into emergent community properties (Fredrickson, 2015, 

Zelezniak et al., 2015, Mee et al., 2014). Together, these studies highlight the complexity of 

biological, chemical and physical interactions within a biofilm. However, the emergent 

biological properties and functional capacities of the biofilm matrix are still largely unclear 

(Flemming et al., 2016).  
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Technological advances in microfluidics and microscopy have greatly improved the ability to 

study complex biofilms (Rusconi et al., 2014). However, most studies of spatial organisation 

in bacterial biofilms have relied on laboratory assays and do not always replicate in 

ecologically realistic settings (Roberts et al., 2015). Nonetheless, knowledge about the 

structure and function of microbial interactions in biofilms is steadily increasing, albeit 

predominantly focused on mammal-associated microbial biofilms (Stacy et al., 2016, Mark 

Welch et al., 2016, Earle et al., 2015).  

The colonization and infection of plants represent a valuable experimental system to study 

biofilm formation and function during pathogenesis. Quantitative metabolomics techniques, 

such as imaging high-resolution mass spectrometry and nuclear magnetic resonance 

methods have been used to analyse the in situ distribution of metabolites in the microbiota 

on the leaf surface (Ryffel et al., 2016). Furthermore, biofilm development can be monitored 

in planta in a spatial and temporal manner with fluorescence microscopy. For example, plant 

root colonization by fluorescently labelled bacteria can be accurately traced in microfluidic 

devices to understand the interaction between the root and bacteria as well as within 

bacterial communities (Massalha et al., 2017). Colonization of A. thaliana roots by a Bacillus 

subtilis EPS-deficient mutant was reduced compared to wild-type (Massalha et al., 2017). A 

study looking at virulent, avirulent and non-pathogenic variants of P. syringae during 

apoplast co-colonization experiments found multiple interactions between the different 

populations and with the host, affecting the spread and proliferation of pathogens, and host 

immune suppression (Rufian et al., 2017). An experimental system similar to those described 

above could provide further insights into the role of EPS during plant colonization. Mixed 

infection experiments with wild-type and EPS-deficient strain could reveal whether secreted 

EPS is a social good that could be shared between cells of different genotypes growing within 

the same biofilm. Alternatively, EPS production could also represent a barrier for non-

producing cells and exclude them from the biofilm microhabitat. Studying these interactions 

in the context of different host factors by using plant genotypes with changes in host 

immunity, metabolite secretion or apoplast structure would contribute greatly to our 

understanding of the spatial interaction between plants and bacterial pathogens.  
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6.3 Symbiotic infection process might comprise mechanisms 

for accommodation of rhizobia in an immune-

compromised niche 

Crop engineering helps to reduce the economic and environmental costs of plant disease. 

The genetic transfer of immune receptors across plant species is a promising 

biotechnological approach to increase disease resistance. Surface-localized PRRs, which 

detect conserved characteristic microbial features, are functional in heterologous 

taxonomically-diverse plant species, and can confer broad-spectrum disease resistance 

(Boutrot and Zipfel, 2017). However, it is unclear whether PRR transfer negatively impacts 

the association of the recipient plants with symbiotic microbes. In a reductionist approach, I 

studied if PAMP recognition affects the symbiotic model interaction between the legume 

Medicago truncatula and the bacterium Sinorhizobium meliloti. To test this, I transferred the 

PRR ELONGATION FACTOR-TU RECEPTOR (EFR) from Arabidopsis thaliana to the legume M. 

truncatula, conferring recognition of the bacterial EF-Tu protein (or elf18 peptide). EFR 

perceives the PAMP elf18 from various bacterial species, including S. meliloti, and initiates 

immune signalling (Kunze et al., 2004, Lacombe et al., 2010). I then tested the impact of EFR 

on the interaction with pathogenic and beneficial bacteria. Constitutive EFR expression led 

to activation of immune responses upon elf18 treatment in leaves and roots. The interaction 

of M. truncatula with the rhizobial symbiont is characterized by the formation of root 

nodules that fix atmospheric nitrogen. Although nodule numbers were slightly reduced at an 

early stage of the infection in EFR-Medicago when compared to control lines, nodulation was 

similar in all lines in later stages. Furthermore, nodule colonization by rhizobia, and nitrogen 

fixation were not compromised by EFR expression. Importantly, the M. truncatula lines 

expressing EFR were significantly more resistant to the root bacterial pathogen Ralstonia 

solanacearum. The data described in Chapter 5 indicate that the transfer of EFR to M. 

truncatula does not impede root nodule symbiosis, but has a positive impact on disease 

resistance against a bacterial pathogen. This finding is of particular relevance as attempts to 

transfer this important symbiosis into non-legume plants are ongoing. This suggest that 

legumes can be engineered with novel immune receptors, as a biotechnological approach 

for disease resistance that nonetheless maintains their full symbiosis potential. 

In addition, as discussed in Chapter 5, the results indicate that rhizobia can either avoid 

PAMP recognition during the infection process or actively suppress immune signalling. 

Another possibility is that the plant accommodates the rhizobia in a compartment with 
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reduced immune capacity. The symbiotic process between legumes and rhizobia is based on 

the common symbiotic pathway, which dates back to the emergence of early land plants 

resulting in thorough adaptation of both interaction partners (Oldroyd, 2013). It is 

conceivable that the plant evolved specialized structures or mechanisms for the 

accommodation of the symbiotic partner that minimize its potential to elicit 

disadvantageous immune responses. Hence, it would be interesting to examine the 

subcellular localization and tissue-specific accumulation of EFR in the membranes of 

infection threads and bacteroids by confocal or electron-microscopy. Although EFR 

expression was driven by the ubiquitous CaMV35S promoter and high EFR accumulation 

could be detected in nodule tissue by western blot analysis, the host may have evolved a 

mechanism to specifically reduce PTI signalling in subcellular symbiotic compartments that 

could also affect EFR, as its biogenesis and signal transduction relies on other components of 

the PTI pathway. Localized immune suppression in plant-derived membranes of the infection 

thread and bacteroid could reduce PTI signalling capacity, for example due to depletion or 

exclusion of PRRs. Legumes could have evolved to provide such an immune-compromised 

niche as a core part of the symbiotic process. Alternatively, this could be achieved via an 

active signalling mechanism triggered by rhizobial signals, such as the perception of Nod 

factors by the NFP-LYK3 receptor complex (Oldroyd, 2013). An additional signal contributing 

to successful infections is the perception of EPS from the symbiont by the plant receptor-like 

kinase EPR3 (Kawaharada et al., 2015). Sequential signal perception is thought to control 

compatibility and colonization of the symbiotic partner (Zipfel and Oldroyd, 2017) and may 

provide sufficient stringency to select for a compatible symbiont to allow the plant to reduce 

immune surveillance in specific compartments. Interestingly, Nod factor perception reduces 

PRR levels at the plasma membrane and suppresses PTI signalling in the leaves of legume 

and non-legume plants (Liang et al., 2013). Transcriptome analysis have been performed on 

isolated root hair cells and the data suggest a transient reduction of defence-associated gene 

transcription after rhizobial infection (Breakspear et al., 2014, Libault et al., 2010). Recent 

technical advancements allow to study gene transcription on a single cell level (Papalexi and 

Satija, 2017, Guillaume-Gentil et al., 2016). This could be an insightful approach to analyse 

the cellular states of infected and non-infected root hairs. In addition, several studies have 

addressed suppression of immune signalling by pathogenic microbes. Degradation of PRRs 

at the plasma membrane is triggered by bacterial effectors employed by pathogens (Gohre 

et al., 2008, Gimenez-Ibanez et al., 2009a) and exclusion of PRRs from the specialised 



Chapter 6  General discussion and future perspectives 

122 

extrahaustorial membrane encasing the haustorium has been reported for oomycetes (Lu et 

al., 2012).  

Studies have shown that plant tissues and organs differ in their ability to elicit immune 

responses upon PAMP treatment. FLS2 is expressed throughout the entire plant, but 

transcription seems to be higher in cells and tissues vulnerable to bacterial colonization, such 

as stomata, hydatodes and lateral roots (Beck et al., 2014). While some PAMPs/DAMPs are 

perceived throughout the entire A. thaliana plant, such as flg22, chitin, PGN and Pep1, the 

root seems to be insensitive for elf18 (Poncini et al., 2017, Wyrsch et al., 2015, Millet et al., 

2010). A study analysing LRR-RLK expression patterns with promoter-fusion reporter lines, 

revealed that EFR is predominantly expressed in reproductive tissues, but not in roots, 

wheras FLS2 is ubiquitously expressed in almost all tissues (Wu et al., 2016). It is interesting 

to speculate about the evolutionary forces driving expression of PRRs specifically in certain 

cells. Among others, the spatial distribution and colonization pattern of pathogens and 

commensals on the plant could be a determining factor to evolve tissue-specific PRRs in 

order to ensure immune competence where it is crucial for survival, but to prevent 

unnecessary activation and allowing colonization of commensals.  

An example for a ligand-induced host mechanism to facilitate colonization by commensal or 

beneficial microbes comes from a study of the gut microbiota in mice (Round et al., 2011). 

The gut commensal Bacteroides fragilis releases a polysaccharide A (PSA) factor, which 

activates TOLL-LIKE RECEPTOR 2 (TLR2) signalling. In contrast to ligands of TLR2 from 

pathogenic bacteria, PSA leads to TLR2-dependent local immune suppression in epithelial 

cells, which is required to accommodate B. fragilis in the intestinal mucosa and to establish 

an immunosuppressed niche (Round et al., 2011).  

The work described in Chapter 5 focused on the binary interaction between a host and a 

symbiont. While the transfer of EFR to M. truncatula did not impede symbiosis with its 

rhizobial partner, the impact of heterologous PRRs on the overall microbiota colonizing the 

rhizosphere and phyllosphere is unclear. This is particularly relevant as many laboratories 

are currently looking to exploit the capacity of beneficial microbes to increase plant health 

and promote agricultural systems (Michelmore et al., 2017, Busby et al., 2017). PRR transfer 

has been demonstrated to be a valuable tool to increase disease resistance (Boutrot and 

Zipfel, 2017, Rodriguez-Moreno et al., 2017), as such any potential effect on the microbiota 

needs to be balanced for a deliberate decision about its use in agriculture depending on 

disease pressure and other relevant environmental conditions. Nonetheless, little is 
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currently known about the interaction of PTI with commensal and beneficial microbes 

(Hacquard et al., 2017). 

 

6.4 Interplay between pattern-triggered immunity and the 

plant microbiota 

Plants live in close association with microbes, which form stable communities and critically 

affect plant physiology and performance. The functional repertoire of the microbiome 

expands the plant’s capacity to adapt to its environment, as some microbes increase plant 

growth and tolerance for biotic and abiotic stresses (Müller et al., 2016, Pieterse et al., 2014). 

This poses a fundamental question about plant-microbe interactions: How do plants 

discriminate between beneficial and pathogenic microbes? The work of this thesis 

contributes to the molecular understanding of binary host-pathogen and host-symbiont 

interactions by analysing the impact of bacterial traits and plant immune receptors during 

infection. Recent technical advances in next generation sequencing methods in combination 

with computational tools for 16S rRNA phylogenetic and metagenomics analysis have 

facilitated research into plant-microbiota interactions at a community level (Vorholt et al., 

2017, Bulgarelli et al., 2013). Marker gene amplicon sequencing studies revealed the 

microbiota composition and major factors explaining the community structure. The bacterial 

microbiota on the plant root and leaf share a similar taxonomic distribution of species at the 

phylum-level comprising Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes. (Bai 

et al., 2015, Hacquard et al., 2015). Numerous studies have shown that the main factors 

driving microbiota assemblages are environmental conditions and soil type, plant age and 

plant species/genotype (Agler et al., 2016, Dombrowski et al., 2017, Edwards et al., 2015, 

Coleman-Derr et al., 2016, Wagner et al., 2016). 

Recently, the plant immune system has been suggested as a prime candidate to dynamically 

shape the composition of the microbial community (Hacquard et al., 2017). Previous studies 

analysing the microbiota indicated that plant immunity has a significant impact on the 

community composition (Bodenhausen et al., 2014, Horton et al., 2014, Lebeis et al., 2015). 

The main function of plant immunity is to restrict pathogenic growth and ultimately stop 

pathogenic attack. As such, PRRs are part of a surveillance system to detect harmful activities 

due to perception of molecules indicating ‘non-self’ or ‘damaged-self’ that initiate 

quantitative immune responses to limit microbial proliferation. PAMP-induced immune 
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responses play an important role in restricting the growth of adapted and non-adapted 

pathogens (Boutrot and Zipfel, 2017, Cook et al., 2015). PRRs are able to perceive PAMPs 

from commensal and beneficial microbes and can monitor and control the microbial load in 

the apoplast. As such, the interaction between an array of PRRs and diverse PAMPs has the 

potential to actively and selectively shape host-microbiota associations.  

Evolutionary adaptation and modification of PAMP epitopes is an effective process to evade 

PTI (Trdá et al., 2015). For example, the immunogenic epitopes elf18, flg22, flgII-28 and 

xup25 diversified among different phytopathogenic species and strains at a higher rate than 

other domains of their respective proteins (McCann et al., 2012, Cai et al., 2011, Sun et al., 

2006, Mott et al., 2016). Interestingly, preliminary gene sequence comparison of more than 

400 members of the A. thaliana microbiota revealed that there is a higher variability in the 

flg22 and elf18 epitopes, which are perceived by A. thaliana FSL2 and EFR, respectively, 

compared to the csp22 epitope, which is not perceived by A. thaliana, but by the Solanacea-

specific PRRs CORE and CSPR (Hacquard et al., 2017). It remains to be validated 

experimentally whether core members of the plant microbiota adapted to evade immunity. 

Together, these examples illustrate how plant-associated bacteria are able to diversify 

immunogenic PAMP epitopes and reduce immune recognition. Beside modification of 

PAMPs, inhibition of biosynthesis or accumulation of PAMP-containing molecules, such as 

flagellin (see Chapter 3), effector secretion and host hormone modulation are additional 

ways to evade plant immunity. While these strategies have been mostly characterized for 

host-adapted pathogens and symbionts, it is conceivable that similar mechanisms are 

employed by endophytic commensal and beneficial microbes, which also associate closely 

with their respective hosts (Pel and Pieterse, 2013, Gourion et al., 2015, Trdá et al., 2015, 

Zamioudis and Pieterse, 2012). Recently, it has been shown that the plant-growth promoting 

rhizobacterium P. simiae WCS417 suppresses many transcriptional changes induced by the 

PAMP flg22 (Stringlis et al., 2018). The symbiotic Sinorhizobium sp. NGR234 translocates 

multiple type-3 secreted effectors including NopM, NopL, NopP and NopT into the legume 

host to interfere with immune signaling (Skorpil et al., 2005, Dai et al., 2008, Xin et al., 2012a, 

Ge et al., 2016a). Mycorrhizal fungi and endophytic fungi secrete small proteins during the 

interaction with their host. For example, the effector SP7 from arbuscular mycorrhiza 

Rhizofagus irregularis attenuates ethylene-mediated immune responses and the effector 

MiSSP7 from the mutualistic fungus Laccaria bicolor suppresses JA signalling in the host plant 

to foster the symbiotic interaction (Kloppholz et al., 2011, Plett et al., 2014). The mutualistic 

endophyte Piriformospora indica expresses a plethora of putative small secreted proteins 
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and effectively suppresses host immunity during colonization (Zuccaro et al., 2011, Jacobs et 

al., 2011). These examples indicate that mutualistic microbes actively manipulate their host 

to promote colonization. Especially in the context of a diverse plant-associated microbial 

community, suppression of host immunity might be a more successful strategy than immune 

evasion for the individual microbe, as the former also prevents potential harm due to 

immune activation by neighboring microbes.Nonetheless, some members of the microbiota 

probably still activate plant immunity. An A. thaliana transcriptome analysis revealed that 

colonization with the commensal leaf bacteria Sphingomonas melonis Fr1 induced a set of 

approximately 400 genes that partly overlaps with genes induced by the pathogenic Pto 

DC3000 (Vogel et al., 2016). S. melonis Fr1 can protect the A. thaliana against Pto DC3000 

infection (Innerebner et al., 2011) and this plant protection appears to be partially 

dependent on the PRR complex co-receptors BAK1 and BKK1 indicating that PTI signalling is 

required for the protective activity mediated by S. melonis Fr1 (Vogel et al., 2016). 

Gene families encoding receptor-like kinases (RLKs) and receptor-like proteins (RLPs) are 

expanding over time in plant genomes (Shiu et al., 2004) and hundreds of RLKs/RLPs are 

upregulated upon microbial colonization (Postel et al., 2009, Zipfel et al., 2006, Vogel et al., 

2016, Lewis et al., 2015, Yadeta et al., 2017). To date, only a small fraction of these have been 

functionally characterized or their corresponding ligands identified (Boutrot and Zipfel, 

2017). Interestingly, several studies reported that plant responses, such as ROS burst, in 

response to treatment with various PAMPs including flg22, flgII-28, csp22 and elf18 varied 

across different plant species or ecotypes (Albert et al., 2010, Vetter et al., 2012, Veluchamy 

et al., 2014). Furthermore, a study assessing PAMP-induced seedling growth inhibition in 

multiple A. thaliana accessions indicated that despite a common PTI signalling pathway, 

responses to individual PAMPs might evolve independently in plant populations (Vetter et 

al., 2016).  

Together, this suggests that PTI signalling in the host can be modulated at different levels 

and from the plant as well as the microbial side. It is intriguing to speculate that host 

immunity shapes the microbiota structure and composition (Hacquard et al., 2017). Plant 

immunity has been mostly studied in the laboratory with binary interactions of a host plant 

and a pathogenic microbe. It is a major challenge to understand the evolutionary and 

molecular principles of plant immunity in natural environments and in the context of 

complex microbial communities. Many questions remain yet to be answered: To what extent 

are microbiota members with eliciting PAMP epitopes sensed by plant PRRs? What drives 

evolution and diversification of PAMPs on the population- and the community-level? Do 
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PRRs play a role in sensing and shaping the overall microbial community? Are there ecological 

and evolutionary mechanisms driving adaptation of plants to local microbiota populations? 

Future studies will reveal whether the mechanistic principles of plant immunity that govern 

individual plant-pathogen interactions also hold true for the overall microbial community. 
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Appendix 
 

 

Figure A8.1. Repeats of experiment shown in Figure 4.4. Infection of A. thaliana with EPS-
deficient Pto DC3000 strains. Four-week-old A. thaliana plants were infected with Pto DC3000 wild-
type or indicated EPS mutant strains by infiltration with 105 cfu/mL. Bacterial growth in planta was 
monitored over time by leaf sampling, serial dilutions and colony counting in two independent 
experiments (A and B). Values are means ± standard error (n = 4). 
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Figure A8.2. Repeats of experiment shown in Figure 4.5. Extracts from Pseudomonas wild-type 
strains and respective EPS-deficient mutants trigger similar ROS burst in Arabidopsis thaliana. 
Leaf discs were treated with extracts from Pto DC3000 wild-type and Δalg/psl/wss (A and B) and P. 
protegens Pf-5 wild-type and Δalg/psl/pel (C, D, E and F) to assess the ability to induce a ROS burst (A, 
C, E and G) or to suppress a ROS burst elicited by co-application of flg22 peptide with the respective 
extracts (B, D, F and H). Flg22 peptide concentration was 100 nM (A to D) or 10 nM (E to H). ROS burst 
was measured in A. thaliana Col-0 (A to F) or fls2 (G and H). Values are means ± standard error (n = 8). 
ROS burst is expressed as relative light units. 
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Figure A8.3. Repeats of experiment shown in Figure 4.8. Infection of PTI-compromised A. thaliana 
plants with EPS-deficient Pto DC3000. Four-week-old A. thaliana Col-0 and mutant genotypes fec 
(fls2/efr/cerk1) and bbc (bak1-5/bkk1-1/cerk1) were infiltrated with 105 cfu/mL Pto DC3000 wild-type or 
Δeps (Pto Δalg/psl/wss). Bacterial growth in planta was assessed at 0 dpi (round symbols) and 3 dpi 
(square symbol) by leaf sampling, serial dilutions and colony counting in two independent experiments 
(A and B). Values are means ± standard error (n = 2-4). Asterisks indicate statistically significant 
difference (* p < 0.05) between treatment of wild-type and Δeps based on a two-tailed Mann–Whitney 
test. 
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Figure A8.4. Repeats of experiment shown in Figure 5.9. EFR expression in M. truncatula 
provides quantitative resistance against the pathogen R. solanacearum. (A) M. truncatula lines 
expressing EFR 26-8 and control line 26-2 were infected with R. solanacearum GMI1000 and disease 
symptoms assessed daily. Survival rate is displayed over time and statistical analysis performed with 
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Mantel-Cox test. Each experiment had at least n=13 plants. (B) M. truncatula lines expressing EFR 18-
1 and control line 18-3 were infected with R. solanacearum GMI1000 and disease symptoms assessed 
daily. Survival rate is displayed over time and statistical analysis performed with Mantel-Cox test. Each 
experiment had at least n=10 plants. 
 

 

 

 

 

 

Figure A8.5. PCR amplification of fla gene locus in Sm1021. Sm1021 wild-type, Sm ΔflaA mutant 
and mutant strains with flg22 variants were tested for integrity of fla gene locus. Three different sets of 
primers were used #1346 and #1347 (blue), #1348 and #1349 (red), #1346 and #1349 (green). PCR 
amplification product was loaded on a 1%-agarose gel. Size marker is 1 kb-ladder from NEB. 
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MtFLS2      MPSQNLSLTLVILISILSIIVSHAETSTIKVEIEALKAFKKSITNDPNKALANWI--DTI 

AtFLS2      --MKLLSKTFLILTLTFFFFGIALAKQSFEPEIEALKSFKNGISNDPLGVLSDWTIIGSL 

               : ** *::**   : ::     ..::: ******:**:.*:***  .*::*    :: 

 

MtFLS2      PHCNWSGIACSNSSKHVISISLFELQLQGEISPFLGNISTLQLIDLTSNSLTGQIPPQIS 

AtFLS2      RHCNWTGITCDS-TGHVVSVSLLEKQLEGVLSPAIANLTYLQVLDLTSNSFTGKIPAEIG 

             ****:**:*.. : **:*:**:* **:* :** :.*:: **::******:**:** :*. 

 

MtFLS2      LCTQLTTLYLTGNSLSGSIPHELGNLKMLQYLDIGNNYLNGTLPVSIFNITSLLGIAFNF 

AtFLS2      KLTELNQLILYLNYFSGSIPSGIWELKNIFYLDLRNNLLSGDVPEEICKTSSLVLIGFDY 

              *:*. * *  * :*****  : :** : ***: ** *.* :* .* : :**: *.*:: 

 

MtFLS2      NNLTGTIPSNIGNLVNTIQIGGFGNSFVGSIPVSIGQLGSLLSLDFSQNKLSGVIPREIG 

AtFLS2      NNLTGKIPECLGDLVHLQMFVAAGNHLTGSIPVSIGTLANLTDLDLSGNQLTGKIPRDFG 

            *****.**. :*:**.   : . ** :.******** *..* .**:* *:*:* ***::* 

 

MtFLS2      NLTNLQYLLLLQNSLSGKIPSELALCSNLVNLELYENKFIGSIPHELGNLVQLETLRLFG 

AtFLS2      NLLNLQSLVLTENLLEGDIPAEIGNCSSLVQLELYDNQLTGKIPAELGNLVQLQALRIYK 

            ** *** *:* :* *.*.**:*:. **.**:****:*:: *.** ********::**::  

 

MtFLS2      NNLNSTIPDSIFKLKSLTHLGLSENNLEGTISSEIGSLSSLKVLTLHLNKFTGTIPSSIT 

AtFLS2      NKLTSSIPSSLFRLTQLTHLGLSENHLVGPISEEIGFLESLEVLTLHSNNFTGEFPQSIT 

            *:*.*:**.*:*:*..*********.* * **.*** *.**:***** *:*** :*.*** 

 

MtFLS2      NLRNLTSLSMSQNLLSGEIPSNIGVLQNLKFLVLNDNFLHGPVPPSITNCTSLVNVSLSI 

AtFLS2      NLRNLTVLTVGFNNISGELPADLGLLTNLRNLSAHDNLLTGPIPSSISNCTGLKLLDLSH 

            ****** *::. * :***:*:::*:* **: *  .**:* **:* **:***.*  :.**  

 

MtFLS2      NSLTGKIPEGFSRLPNLTFLSLQSNKMSGEIPDDLYICSNLSTLLLADNSFSGSIKSGIK 

AtFLS2      NQMTGEIPRGFGRM-NLTFISIGRNHFTGEIPDDIFNCSNLETLSVADNNLTGTLKPLIG 

            *.:**:**.**.*: ****:*:  *:::******:: ****.** :***.::*::*  *  

 

MtFLS2      NLFKLMRLKLNKNAFIGPIPPEIGNLNKLIILSLSENRLSGRIPIELSKLSLLQGLSLYD 

AtFLS2      KLQKLRILQVSYNSLTGPIPREIGNLKDLNILYLHSNGFTGRIPREMSNLTLLQGLRMYS 

            :* **  *::. *:: **** *****:.* ** * .* ::**** *:*:*:***** :*. 

 

MtFLS2      NALEGTIPDKLSELKELTILLLHENKLVGRIPDSISKLEMLSYLDLHGNKLNGSIPKSMG 

AtFLS2      NDLEGPIPEEMFDMKLLSVLDLSNNKFSGQIPALFSKLESLTYLSLQGNKFNGSIPASLK 

            * *** **::: ::* *::* * :**: *:**  :**** *:**.*:***:***** *:  

 

MtFLS2      KLDHLLLLDLSHNRLSGLIPGYVIAHLKDMQMYLNLSYNHFVGSVPSELGMLEMVQAIDV 

AtFLS2      SLSLLNTFDISDNLLTGTIPGELLASLKNMQLYLNFSNNLLTGTIPKELGKLEMVQEIDL 

            .*. *  :*:*.* *:* *** ::* **:**:***:* * :.*::*.*** ***** **: 

 

MtFLS2      SNNNLSGFLPKTLAGCRNMFSLDFSVNNISGPIPAEVFSGMDLLQSLNLSRNHLDGEIPE 

AtFLS2      SNNLFSGSIPRSLQACKNVFTLDFSQNNLSGHIPDEVFQGMDMIISLNLSRNSFSGEIPQ 
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            *** :** :*::* .*:*:*:**** **:** ** ***.***:: ******* :.****: 

 

MtFLS2      SMSQIKNLSSLDLSQNNLKGTIPEGFANLSNLMQLNFSFNQLEGPVPLTGIFSHINESSM 

AtFLS2      SFGNMTHLVSLDLSSNNLTGEIPESLANLSTLKHLKLASNNLKGHVPESGVFKNINASDL 

            *:.::..* *****.***.* ***.:****.* :*::: *:*:* ** :*:*..** *.: 

 

MtFLS2      MGNQALCGAKF-LSPCRENG--HSLSKKSIAIIAALGSLAVLLLAVLLILYFNRGTMFGN 

AtFLS2      MGNTDLCGSKKPLKPCTIKQKSSHFSKRTRVILIILGSAAALLLVLLLVLILTCCKKKEK 

            ***  ***:*  *.**  :     :**:: .*:  *** *.***.:**:* :.  .   : 

 

MtFLS2      SIKSVDTENHESVNGSALALKRFSPKELENATGCFSSDYIIGSSSLSTVYKGQFEDGQIV 

AtFLS2      KIEN-SSESSLPDLDSALKLKRFEPKELEQATDSFNSANIIGSSSLSTVYKGQLEDGTVI 

            .*:. .:*.      *** ****.*****:** .*.*  **************:*** :: 

 

MtFLS2      AIKRLNLHQFSANTDKIFKREASTLCQLRHRNLVKIHGYAWESQKIKALVLEYMENGNLD 

AtFLS2      AVKVLNLKEFSAESDKWFYTEAKTLSQLKHRNLVKILGFAWESGKTKALVLPFMENGNLE 

            *:* ***::***::** *  **.**.**:******* *:**** * ***** :******: 

 

MtFLS2      SIIHDREVDQSRWTLSERLRVFISIASGLDYLHSGYDFPIVHCDLKPSNILLDRDFEAHV 

AtFLS2      DTIHGSAAPI--GSLLEKIDLCVHIASGIDYLHSGYGFPIVHCDLKPANILLDSDRVAHV 

            . **   .     :* *:: : : ****:******* **********:***** *  *** 

 

MtFLS2      SDFGTARILGLHLQDGSALSSTAALQGTIGYLAPEFAYMRKVTTKVDVFSFGIIVMEFLT 

AtFLS2      SDFGTARILGFR-EDGSTTASTSAFEGTIGYLAPEFAYMRKVTTKADVFSFGIIMMELMT 

            **********:: :***: :**:*::*******************.********:**::* 

 

MtFLS2      KRRPTGLSEST----SLRDVVAKAVANGTEQLVSIVDPEL----ITKDNGEVLEELFKLS 

AtFLS2      KQRPTSLNDEDSQDMTLRQLVEKSIGNGRKGMVRVLDMELGDSIVSLKQEEAIEDFLKLC 

            *:***.*.:.     :**::* *::.** : :* ::* **    :: .: *.:*:::**. 

 

MtFLS2      LCCTLSDPEHRPNMNEVLSALVKLNTAMLSCCVVK------ 

AtFLS2      LFCTSSRPEDRPDMNEILTHLMKLRGKANSFREDRNEDREV 

          * ** * **.**:***:*: *:**.    *    :       

Figure A8.6. Alignment of AtFLS2 and its homologue MtFLS2. Sequence alignment was done with 
EMBL-EBI Clustal Omega. AtFLS2 kinase domain is highlighted in purple. Position of Tnt1 insertion in 
Mtfls2 line NF15434 is marked with yellow highlight. 
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BamHI-flg22Pa_SMc03037-BamHI-68966 

CGGGATCCGCTTCGAGATCGGCTTCCTGATCATGCTGCCCTTCCTCGTGATCGACCTGATCGTCGCG
ACCATCACCATGGCGATGGGCATGATGATGCTTCCCCCGACGGCGATTTCGCTGCCCTTCAAGATCC
TGTTCTTCGTGCTGATCGACGGCTGGAACCTGCTCGTCGGCAGCCTGGTGCGCTCGTTTATCTGAG
GCCCCGCCGCCAGGCACGACGGCCCGGCAAGAATCCGTTAAGCATAGGATTTCACAGTCGATTAAC
CACCTTCTCGCCGCTCCCCGAACACATCTTCTCCGGTTAAACACTTGGCAATGAATGGCTGCGAATT
TCGTCTTCACACGACGGGTTTGGTATCCATCACGAGTTGAGCGGAGCCGAGTGGCATGATGCCGGA
CCGTCGTGACCGGTAGCGATTTTTCAGTCCGGTATGTCCCCCCAATCAGTATTTCGTAGGGACAACG
AATATGACGAGCATTCTCACCAACAACTCCGCAATGGCCGCGCTTTCTACGCTGCGCTCGATCTCCT
CCAGCATGGAAGACACGCAGCAGCGCCTCTCCACCGGCTCGCGCATCAACTCGGCCAAGGACGAC
GCCGCGGGCCTCCAGATCGCGACCACCATGCGCTCCGACAACCAGGCTCTCTCCGCAGTTCAAGAC
GCGCTCGGCCTCGGTGCTGCCAAGGTCGACACCGCCTATTCCGGTATGGAATCGGCCATCGAAGTC
GTCAAGGAGATCAAGGCGAAGCTCGTAGCCGCGACCGAAGACGGCGTCGACAAGGCCAAGATCC
AGGAAGAAATCACCCAACTCAAGGACCAGCTGACGAGCATTGCCGAAGCGGCCTCCTTCTCCGGCG
AGAACTGGCTGCAGGCGGACCTCAGCGGTGGCCCCGTCACCAAGAGCGTCGTCGGGGGATTCGTC
CGTGACTCGAGCGGCGCCGTATCTGTGAAGAAGGTTGACTACAGCCTCAACACCGACACCGTCCTG
TTCGACACGACCGGCAATACCGGCATTCTTGACAAGGTCTACAACGTCTCGCAGGCGAGCGTCACG
CTGCCGGTCAACGTCAACGGCACGACGTCTGAGTACACGGTCGGCGCTTACAACGTCGATGACCTG
ATCGACGCCAGCGCGACCTTCGACGGAGACTATGCCAATGTTGGTGGGATCCGC 
Figure A8.7. Synthesised sequence for allele replacement to flg22Pa. 

 

BamHI-flg22mod_SMc03037-BamHI-68965 

CGGGATCCGCTTCGAGATCGGCTTCCTGATCATGCTGCCCTTCCTCGTGATCGACCTGATCGTCGCG
ACCATCACCATGGCGATGGGCATGATGATGCTTCCCCCGACGGCGATTTCGCTGCCCTTCAAGATCC
TGTTCTTCGTGCTGATCGACGGCTGGAACCTGCTCGTCGGCAGCCTGGTGCGCTCGTTTATCTGAG
GCCCCGCCGCCAGGCACGACGGCCCGGCAAGAATCCGTTAAGCATAGGATTTCACAGTCGATTAAC
CACCTTCTCGCCGCTCCCCGAACACATCTTCTCCGGTTAAACACTTGGCAATGAATGGCTGCGAATT
TCGTCTTCACACGACGGGTTTGGTATCCATCACGAGTTGAGCGGAGCCGAGTGGCATGATGCCGGA
CCGTCGTGACCGGTAGCGATTTTTCAGTCCGGTATGTCCCCCCAATCAGTATTTCGTAGGGACAACG
AATATGACGAGCATTCTCACCAACAACTCCGCAATGGCCGCGCTTTCTACGCTGCGCTCGATCTCCT
CCAGCATGGAAGACACGCAGAGCCGCCTCTCCTCGGGCCTCCGCATCGGCTCGGCCTCCGACGACG
CCGCGGGCCTCCAGATCGCGACCACCATGCGCTCCGACAACCAGGCTCTCTCCGCAGTTCAAGACG
CGCTCGGCCTCGGTGCTGCCAAGGTCGACACCGCCTATTCCGGTATGGAATCGGCCATCGAAGTCG
TCAAGGAGATCAAGGCGAAGCTCGTAGCCGCGACCGAAGACGGCGTCGACAAGGCCAAGATCCA
GGAAGAAATCACCCAACTCAAGGACCAGCTGACGAGCATTGCCGAAGCGGCCTCCTTCTCCGGCGA
GAACTGGCTGCAGGCGGACCTCAGCGGTGGCCCCGTCACCAAGAGCGTCGTCGGGGGATTCGTCC
GTGACTCGAGCGGCGCCGTATCTGTGAAGAAGGTTGACTACAGCCTCAACACCGACACCGTCCTGT
TCGACACGACCGGCAATACCGGCATTCTTGACAAGGTCTACAACGTCTCGCAGGCGAGCGTCACGC
TGCCGGTCAACGTCAACGGCACGACGTCTGAGTACACGGTCGGCGCTTACAACGTCGATGACCTGA
TCGACGCCAGCGCGACCTTCGACGGAGACTATGCCAATGTTGGTGGGATCCGC 
Figure A8.8. Synthesised sequence for allele replacement to flg22mod. 

 

BamHI-flg22Pa_deltaSMc03037-BamHI 

CGGGATCCTGCAGCTCTTCATCGACATCGCCCGGGAGAAGGGCCAGACCGTCGTCGTCGACGAGA
AGGTGGACCTGCGCGCCGTCGTGCCGGCCTTCATGATCTCGGAGATCCGCCGCGGCTTCGAGATCG
GCTTCCTGATCATGCTGCCCTTCCTCGTGATCGACCTGATCGTCGCGACCATCACCATGGCGATGGG
CATGATGATGCTTCCCCCGACGGCGATTTCGCTGCCCTTCAAGATCCTGTTCTTCGTGCTGATCGAC
GGCTGGAACCTGCTCGTCGGCAGCCTGGTGCGCTCGTTTATCTGAGGCCCCGCCGCCAGGCACGAC
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GGCCCGGCAAGAATCCGTTAAGCATAGGATTTCACAGTCGATTAACCACCTTCTCGCCGCTCCCCGA
ACACATCTTCTCCGGTTAAACACTTGGCAATGAATGGCTGCGAATTTCGTCTTCACACGACGGGTTT
GGTATCCATCACGAGTTGAGCGGAGCCGAGTGGCATGATGCCGGACCGTCGTGACCGGTAGCGAT
TTTTCAGTCCGGTATGTCCCCCCAATCAGTATTTCGTAGGGACAACGAATATGACGAGCATTCTCAC
CAACAACTCCGCAATGGCCGCGCTTTCTACGCTGCGCTCGATCTCCTCCAGCATGGAAGACACGCA
GCAGCGCCTCTCCACCGGCTCGCGCATCAACTCGGCCAAGGACGACGCCGCGGGCCTCCAGATCGC
GACCACCATGCGCTCCGACAACCAGGCTCTCTCCGCAGTTCAAGACGCGCTCGGCCTCGGTGCTGC
CAAGGTCGACACCGCCTATTCCGGTATGGAATCGGCCATCGAAGTCGTCAAGGAGATCAAGGCGA
AGCTCGTAGCCGCGACCGAAGACGGCGTCGACAAGGCCAAGATCCAGGAAGAAATCACCCAACTC
AAGGACCAGCTGACGAGCATTGCCGAAGCGGCCTCCTTCTCCGGCGAGAACTGGCTGCAGGCGGA
CCTCAGCGGTGGCCCCGTCACCAAGAGCGTCGTCGGGGGATTCGTCCGTGACTCGAGCGGCGCCG
TATCTGTGAAGAAGGTTGACTACAGCCTCAACACCGACACCGTCCTGTTCGACACGACCGGCAATA
CCGGCATTCTTGACAAGGTCTACAACGTCTCGCAGGCGAGCGTCACGCTGCCGGTCAACGTCAACG
GCACGACGTCTGAGTACACGGTCGGCGCTTACAACGTCGATGACCTGATCGACGCCAGCGCGACCT
TCGACGGAGACTATGCCAATGTTGGTGCCGGTGCGCTTGCTGGCGATTATGTCAAGGTCCAAGGCA
GCTGGGTGAAGGCGGTCGACGTGGCTGCAACGGGTCAGGAAGTCGTCTATGACGACGGCACGAC
GAAATGGGGGGTTGACACGACCGTTACCGGTGCACCGGCTACCAATGTCGCCGCACCGGCTTCGA
TCGCGACGATCGACATCACCATTGCCGCACAGGCTGGGAACCTTGATGCACTGATCGCAGGCGTCG
ACGAAGCGCTCACCGACATGACCAGCGCCGCTGCTTCGCTTGGTTCGATCTCCTCGCGCATCGACCT
GCAGAGCGATTTCGTGAACAAGCTCTCGGACTCGATCGACTCGGGCGTTGGCCGTCTCGTCGATGC
CGATATGAACGAAGAATCGACCCGCCTGAAGGCTCTGCAGACTCAGCAGCAGCTCGCCATCCAGGC
TCTTTCGATCGCCAACTCGGACTCCCAGAACGTCCTTTCGCTCTTCCGCTAAGAAGACATGCAATGG
CGGACGCAGGCAACCTTGTGCCTGCGTCCGGCTCCTTCGAACCGCGCCCCGGAAACGGGGCGCGG
TTTTTGCTTTCTTCCATGAGCCGTCGGCATTTCACTTTTTCTTAAACATAGTATGGCACGCGCGTGTG
CGCGCAAGGGTTGAAAAATTTATCGTCGTTCTTGCTTCCTTAGTGCTTCTTTAACCAAGACAAGATT
ATCTAAGACCATCGAAAGGACGGGCTAACTCCAGAAATAACAGCTGGTTAGCAAGCATGACGTTG
ACCGTCTTTCGCCGGTGGAACCGGAATGTCCCTTCTTATCAGCCACCAAGGGGCACTAAACCATGA
CGAGCATTCTCACCAACATTGCGGCCATGGCCGCTCTCCAGACCCTGCGTACCATCGGCTCCAACAT
GGAAGAGACGCAGGCGCATGTCTCCTCCGGCCTTCGCGTCGGTCAGGCCGCCGACAACGCCGCGT
ACTGGTCGATCGCGACCACCATGCGCTCCGACAATATGGCCCTTTCCGGATCCGC 
Figure A8.9. Synthesised sequence for allele replacement to FlaA-flg22Pa. 
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