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Abstract 

 Xanthomonas campestris pv. campestris (Xcc), the causal agent of black rot disease on 

Brassicaceae, and Ralstonia pseudosolanacearum (Rps), the causal agent of bacterial wilt on a 

wide variety of hosts, are both devastating xylem-colonizing bacteria. Despite their differences in 

host range, infection strategy and effectome repertoire, reference strains Xcc8004 

and RpsGMI1000 share six orthologous type III effectors (T3Es). This provides a valuable 

opportunity for comparative studies as it is likely that these orthologous T3Es target orthologous 

processes in the host plants, with focus on Arabidopsis thaliana, common host of both 

pathogens.  

In a first part of my PhD project, putative Arabidopsis interactors of Xcc8004 and RpsGMI1000 

T3Es were identified by yeast two-hybrid at the effectome-scale. This allowed us to compare our 

results with similarly screened plant pathogens to acquire a global image of how effectors 

interfere with the host proteome. This led to the generation of an interactive knowledge database 

integrating our results with published Arabidopsis-effector interactomic data: “EffectorK” 

(www.effectork.org). In a second part of the project, the in planta effects of single T3Es were 

dissected by generating inducible transgenic Arabidopsis lines. Combining results from these two 

parts, the most promising T3E candidates were selected for further functional characterization, 

forming the last part of my work. Altogether, this project contributes to a better understanding 

of the biological role of conserved T3Es among xylem-colonizing bacteria. 

  

http://www.effectork.org/
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Résumé 

Xanthomonas campestris pv. campestris (Xcc), l’agent responsable de la pourriture noire 

chez les Brassicacées, et Ralstonia pseudosolanacearum (Rps), l’agent responsable du 

flétrissement bactérien chez une large variété d’espèces végétales, sont toutes deux des bactéries 

dévastatrices s’établissant dans le xylème de leur hôte. Malgré les différences dans leur gamme 

d’hôtes, leur stratégie infectieuse et leur répertoire d’effecteurs, les souches de référence Xcc8004 

et RpsGMI1000 partagent six effecteurs de type III (ET3) définis comme orthologues. Cela offre une 

excellente opportunité de mener des études comparatives puisqu’il est probable que ces six ET3 

ciblent des processus orthologues chez les plantes hôtes, notamment chez Arabidopsis thaliana 

qui est un hôte commun aux deux pathogènes. 

Dans une première partie de mon projet de thèse, de potentielles protéines d’Arabidopsis 

interagissant avec les ET3 de Xcc8004 et RpsGMI1000 ont été identifiées grâce à un criblage par double 

hybride. Nous avons ainsi pu comparer nos résultats avec des criblages similaires réalisés chez 

d’autres phytopathogènes afin d’obtenir une vision plus exhaustive de la façon dont les effecteurs 

interagissent avec le protéome de l’hôte. Cela a permis de générer une base de données interactive 

intégrant nos résultats ainsi que des données interactomiques Arabidopsis-ET3 déjà publiées : 

« EffectorK » (www.effectork.org). Dans une deuxième partie du projet, les effets in planta de 

chacun des ET3 ont été étudiés en générant des lignées transgéniques inductibles d’Arabidopsis. 

En croisant les résultats de ces deux premières parties, les ET3 candidats les plus prometteurs ont 

été sélectionnés pour conduire des expériences de caractérisation fonctionnelle, ce qui a 

constitué la dernière partie de mon travail. Ce projet participe à une meilleure compréhension 

du rôle biologique des ET3 conservés parmi les bactéries colonisatrices du xylème. 

  

http://www.effectork.org/
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1.1 Plants and associated microorganisms: a complicated 
relationship 

Plants, due to their sessile nature, have evolved a wide variety of mechanisms to cope 

with environmental changes. These include abiotic stresses, such as radiation, extreme 

temperatures, drought, flooding or salinity; and biotic stresses, such as those caused by viruses, 

bacteria, oomycetes, fungi, animals and other plants. All these different stresses can significantly 

reduce the yield and quality of crops, threatening the food security worldwide.  It is estimated 

that biotic stresses are responsible for losses of up to 30-40%, depending on the crop species 

(Oerke, 2006; Wang et al., 2013). Plants can perceive all these different stresses and generate an 

adequate response, often involving alterations in gene expression, cellular metabolism and 

allocation of resources. The severity and duration of the stress determine the ability of the plant 

to overcome it (Verma, Nizam and Verma, 2013). When the stress is mild or short-lived, plants 

can face it and are considered tolerant. However, if the stress is severe or prolonged, plants might 

not be able to overcome it leading to the occurrence of severe symptoms, sterility or ultimately, 

death. Such plants are considered susceptible. 

Biotic stresses are caused by the organisms cohabiting with plants. These organisms 

establish a symbiotic association with the plant. This definition of symbiosis refers to the original 

definition coined by German botanist Anton de Bary in 1879 (De Bary, 1879), which did not 

consider the benefit or harm of the association to the partners. In these relationships, the plant 

plays the role of “host” or provider of resources while the other organism, called symbiont, play 

the role of “guest” or consumer of these resources (Pérez-Brocal, Latorre and Moya, 2013). 

According to the beneficial/detrimental nature for the host, these relationships have been 

traditionally classified in:  1) Mutualism, when both partners benefit from the interaction. 

Examples of this kind of relationship are the interactions between nitrogen-fixing rhizobia or 

mycorrhizal fungi and plants. In these interactions, the rhizobium/fungus provides different 

nutrients in exchange for carbon sources (Denison and Kiers, 2011). 2) Commensalism, when 

the symbiont exploits the resources from the host without causing any harm. An example of this 

kind of relationship are the epiphytes, plants that benefit from other plants for physical support 

but obtain their nutrients from the air or rain water (Schowalter, 2016). 3) Parasitism, when the 

exploitation of the host resources by the symbiont is detrimental for the host. The different 

microorganisms that cause diseases on plants establish this kind of relationships with their 

hosts. Nevertheless, this traditional classification has been largely debated over the last years as  
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Figure 1.1. Compatibility and incompatibility in plant-pathogen interactions. (A) Pathogen A is 
unable to produce the disease in the plant due to non-host resistance. The relationship is therefore 
incompatible: pathogen A is avirulent and the plant is resistant. Pathogen B is able to produce the disease. 
The relationship is therefore compatible: pathogen B is virulent and the plant is susceptible. Pathogen C 
is able to produce disease on the plant genotypes 1 and 2 (G1 and G2) but not on the genotype 3 (G3). The 
compatibility of the system depends on the plant genotype. Pathogen C is virulent to the susceptible 
genotypes 1 and 2 and avirulent to the resistant genotype 3. This indicates that genotype 3 present host 
resistance against pathogen C. (B) Gene-for-gene model of host resistance. When the plant presents the 
R gene (R gene +) and the pathogen presents the corresponding Avr gene (Avr gene +), host resistance 
occurs and the interaction is incompatible. If any or both of them are missing (R/Avr gene -), host 
resistance does not occur and the interaction is compatible. Adapted from Aude Cerutti PhD thesis, UPS, 
Toulouse, 2017.   
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the limits between the different categories have been shown to be less and less clear and often 

depend heavily on environmental conditions (Hirsch, 2004; Pérez-Brocal, Latorre and Moya, 

2013). 

Despite the negative impact of biotic stress on yield, only a few species are responsible 

for plant diseases.  The vast majority of microorganisms are not able to infect the majority of 

plants. This is due to the so-called “non-host resistance”. The latter refers to the resistance of an 

entire plant species against a parasitic organism (Heath, 2000). It comprises the most durable 

resistance of plants but the underlying mechanisms remain elusive (Fan and Doerner, 2012; Lee 

et al., 2017). Non-host resistance is responsible for incompatible interactions, (i.e., interactions 

that do not end up in disease) in which the plant is called resistant and the associated organism, 

avirulent (Glazebrook, 2005) (Figure 1.1A). 

A few organisms can infect the plant, evade the non-host resistance, colonize the plant 

tissues and ultimately cause disease. These interactions are referred as compatible, the plant is 

called susceptible, and the pathogen, virulent (Glazebrook, 2005) (Figure 1.1A). However, some 

genotypes from a pathogenic species might not be able to cause disease on certain plant 

genotypes leading to an incompatible interaction. This is due to “host resistance”, which is 

restricted to some genotypes of a given plant species (Figure 1.1A). Contrary to non-host 

resistance, host resistance is highly specific and often monogenic, and it is therefore less durable 

(Gill, Lee and Mysore, 2015). This kind of resistance follows the “gene-for-gene” relationship first 

described by Henry Flor in 1955 (Flor, 1955) that requires the interaction between the products 

of an avirulence (Avr) gene from the pathogen and a resistance (R) gene from the plant. When 

the pathogen and the host present these genes, the interaction is incompatible but if any of them 

lacks the corresponding gene, the interaction is compatible (Figure 1.1B). 

1.2 How to be a bad guest: the pathogen side of the story 

Pathogens are ubiquitously present in the environment: they can be found in the soil 

(Hornby, 1998), water (Hong and Moorman, 2005), air (West, Atkins and Fitt, 2009), seeds 

(Akhtar et al., 2016)) or vector organisms (Eigenbrode, Bosque-Pérez and Davis, 2018). These 

pathogens will later invade the plant in order to gain a better access to nutrients and shelter to 

sustain their growth. Once in the plant, the pathogens will need to subvert the host defenses in 

order to survive, feed and multiply. Ultimately, the pathogen will be released from the plant 

back into the environment where some pathogens can survive in a resting stage for long periods  
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Figure 1.2. The infectious cycle. Each mechanism makes the pathogen enter in contact with host cells, 
shaded in the same color. The first step of the infectious cycle is the invasion. 1a) Aerial pathogens enter 
inter- or intracellularly or through openings. 1b) Soil pathogens also penetrate the root vasculature inter- 
or intracellularly and some go to the meristem to avoid passing through the Casparian strip. After 
invasion, pathogens need to feed and multiply. 2a) Pathogens feed from the apoplast or the symplast (for 
the latter, filamentous fungi generate haustoria). 2b) Nematodes form multinuclear feeding cell 
complexes. 3a) Pathogens can grow epiphytically or inside the host. The latter can be in either the 
apoplast, symplast or vasculature. Necrotrophs kill the host cells (dotted lines) and thrive on dead tissues. 
3b) Female nematodes lay eggs. To close the cycle, pathogens are released to the environment. 4) Some 
pathogens can live on dead tissues and form reproductive structures for dissemination. Abbreviations: 
epidermis (Ep), palisade mesophyll (Pm), spongy mesophyll (Sm), cortex (Co), endodermis (En), vascular 
tissue (Va), xylem (Xy), and phloem (Ph). Inspired by Abad and Williamson, 2010: Faulkner and Robatzek, 
2012; and Lo Presti et al., 2015. 
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of time before entering a new infectious cycle (Brown, 1997) (Figure 1.2). The mechanisms that 

the different pathogens employ to invade the host, subvert its defenses, feed from its resources, 

multiply and disseminate after are neither simple nor uniform. 

1.2.1 The infectious cycle, step by step 

1.2.1.1 Step #1: Invading the host 

Once pathogens make contact with the plant, they find structural barriers like the 

epidermis that protects all organs, or the cuticle, that strengthens the aerial parts. Pathogens 

have developed diverse strategies to penetrate these structural barriers to gain access to the 

intracellular spaces, the apoplast or the vascular tissues where the nutrients are more 

abundantly contained. Filamentous pathogens are able to breach through the epidermis at the 

boundaries of adjacent pavement cells (e.g., oomycete Hyaloperonospora arabidopsidis) or 

directly pierce the epidermal cells thanks to specialized structures called appressoria (e.g., 

fungus Magnaporthe oryzae) (Faulkner and Robatzek, 2012) (Figure 1.2). Upon this breach, 

filamentous pathogens rely on the secretion of a cocktail of enzymes to degrade the cell wall and 

access the content of the plant cell cytoplasm (Łaźniewska, Macioszek and Kononowicz, 2012). 

Bacteria lack mechanisms to penetrate the epidermis and rely on pre-existent openings such as 

the stomata (e.g., Pseudomonas syringae pv. tomato), hydathodes (e.g., Xanthomonas campestris 

pv. campestris) or wounds to gain access to the plant internal parts (Melotto et al., 2006; Cerutti 

et al., 2019) (Figure 1.2). Indeed, some bacteria present chemotactic motility towards molecules 

secreted in these openings (Kroupitski et al., 2009). Roots are heavily colonized at the cortex 

but microorganisms rarely penetrate further due to the presence of the endodermal Casparian 

strip that seals the extracellular space between cells (Schreiber and Franke, 2011). Nevertheless, 

some bacteria and filamentous pathogens have evolved mechanisms to penetrate the 

endodermis and access the root vasculature. Some root pathogens enter the intercellular space 

through wounds or lateral root emergence points (e.g., bacterium Ralstonia solanacearum) 

(Digonnet et al., 2012), while others invade intracellularly the rhizodermis and then move cell-

to-cell to avoid the Casparian strip (e.g., fungus Verticillium longisporum) (Eynck et al., 2007) 

(Figure 1.2). Plant-parasitic nematodes can also invade the root vasculature by either 

penetrating the endodermis (cyst nematodes) or by avoiding it passing through the apical 

meristem instead (root-knot nematodes) (Holbein et al., 2019) (Figure 1.2). These strategies are 

not needed when pathogens are vector-transmitted as they have direct access to internal host 

tissues (e.g. bacterium Xylella fastidiosa) (Purcell and Hopkins, 1996). Vector-borne plant 
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pathogens include several viruses, bacteria and fungi (Eigenbrode, Bosque-Pérez and Davis, 

2018). 

1.2.1.2 Step #2: Feeding from the host 

Although the plant apoplast contains several nutrients, these are more abundant within 

the cytoplasm of plant cells, which is protected by the plasma membrane and cell wall. To gain 

access to these nutrients, pathogens have evolved mechanisms to degrade these protective 

layers, as observed in necrotrophic pathogens (i.e., pathogens that obtain nutrients mainly from 

dead cells), or to manipulate living host cells to deliver these nutrients to the pathogen more 

easily, as employed by biotrophic pathogens (i.e., pathogens that obtain nutrients primarily from 

living host tissues). Pathogens deploy diverse molecules (e.g., degrading enzymes, 

phytohormones, toxins or effectors) into the apoplast and inside living host cells allowing the 

cellular collapse or the reprogramming of host cells to accommodate different feeding structures 

or facilitate the nutrient uptake (Faulkner and Robatzek, 2012). Bacteria will uptake these 

nutrients directly from the surrounding medium through passive or active import (Figure 1.2). 

However, bacteria can alter the natural content of their surrounding medium to make it more 

suitable for bacterial growth (e.g., several Xanthomonas species induce sugar transporter gene 

expression, probably to increase the sugar efflux for the bacterial nutrition) (Chen et al., 2010; 

Cohn et al., 2014; Cox et al., 2017; Oliva et al., 2019). Conversely, nematodes and filamentous 

pathogens rely on complex feeding structures for nutrient uptake (Figure 1.2). Oomycetes and 

fungi develop “haustoria”, specialized fungal hyphae that penetrate the plant cell wall and 

expand within the plant cell surrounded by a thickened derivative of the plant plasma membrane 

(Szabo and Bushnell, 2001). This structure allows an increase in the nutrient exchange surface 

with the plant cell. Nematodes migrate within the vascular cylinder upon infection to find 

competent plant cells for the induction of multinuclear feeding cell complexes. Cyst nematodes 

produce syncytia (i.e., structures arising from the coordinated cell wall dissolution and 

subsequent protoplast fusion of several adjacent cells) while root-knot nematodes produce giant 

cell complexes (i.e., structures generated after cell enlargement and repeated rounds of mitosis 

without cytokinesis) (Karczmarek et al., 2004). 

1.2.1.3 Step #3: Multiplying within the host 

Upon favorable conditions, pathogens will start multiplying and colonizing the host. 

Pathogens can invade practically all plant tissues. Some pathogens can feed from the host but 
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grow epiphytically on the leaf surface (e.g. fungus Blumeria graminis) (Both et al., 2005), but 

most of them colonize the host internal tissues (Figure 1.2). Some bacteria and filamentous 

pathogens grow intercellularly in the mesophyll apoplast (e.g., bacterium Pseudomonas syringae 

or fungus Cladosporium fulvum) (Thomma et al., 2005; Rico and Preston, 2008). Other 

pathogens are able to grow intracellularly in the mesophyll (e.g., fungus Ustilago maydis) 

(Djamei and Kahmann, 2012) or in the phloem (e.g., several viruses like the Citrus tristeza virus 

and phytoplasmas like Candidatus Liberibacter asiaticus) (Bendix and Lewis, 2018). Some 

pathogens are able to colonize the xylem (e.g. bacterium Ralstonia solanacearum) (Digonnet et 

al., 2012), and even sporulate within the xylem vessels to spread systemically (e.g. fungus 

Verticillium longisporum) (Depotter et al., 2016). Necrotrophic pathogens generally kill 

epidermal cells by secreting different toxins to feed from and grow on the dying tissues (e.g. 

fungus Botrytis cinerea) (Colmenares et al., 2002) (Figure 1.2). 

1.2.1.4 Step #4: Leaving the host 

To close the infectious cycle, pathogens need to be released back to the environment to 

infect a new host. The dissemination of pathogens from a diseased plant can occur through 

diverse mechanisms. Necrotrophic pathogen infection end up in killing the plant. These 

pathogens are subsequently released on the soil where they can grow saprophytically on the 

plant debris (e.g., bacterium  Ralstonia solanacearum or fungus Sclerotinia sclerotiorum) (Schell, 

2000; Hegedus and Rimmer, 2005) (Figure 1.2). Many plant pathogenic bacteria are able to 

colonize systemically the host plant and reach the reproductive organs where they are 

transmitted to the seeds (e.g., Acidovorax citrulli) (Agarwal and Sinclair, 1996; Dutta et al., 2012). 

Filamentous fungi and oomycetes develop diverse reproductive structures to disseminate their 

spores through the air, water or soil (e.g. Puccinia spp. fungi  or Phytophtora spp. oomycetes) 

(Geagea, Huber and Sache, 1999; Judelson and Blanco, 2005). Plant parasitic nematodes 

continue growing and feeding from the multinuclear feeding cell complex until they reach 

maturity and lay eggs (Abad and Williamson, 2010) (Figure 1.2). Vector-borne pathogens are 

reacquired by a new vector organism when feeding from a diseased plant (e.g. bacterium Xylella 

fastidiosa) (Chatterjee, Almeida and Lindow, 2008). These mechanisms are not mutually 

exclusive and sometimes, a same pathogen species can have different means of dissemination 

(e.g., Xanthomonas campestris pv. campestris is released to the soil with the death of the plant 

but can also colonize systemically the reproductive organs and infect the seeds) (Van Der Wolf 

and Van Der Zouwen, 2010; Vicente and Holub, 2013). 
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Figure 1.3. Virulence determinants of plant pathogens. To facilitate the infection, plant pathogens 
produce several virulence determinants including adhesins (in blue) that allow the attachment to the 
plant cell surface, cell wall degrading enzymes (CWDEs, in yellow) that digest the host cell wall, 
detoxifying enzymes (in red) that allow to subvert the chemical defenses of the plant such as ROS or 
phytoalexins, phytohormones secreted by the pathogen (green) that can modulate the plant hormone 
homeostasis in the pathogen’s benefit and effectors (in purple), small molecules synthesized by the 
pathogens that are secreted and modify the plant defenses and physiology.  
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1.2.2 Virulence determinants: tools to be a bad guest 

Plants are not passive hosts that accept the colonization by any organisms, but they 

actively defend themselves against invasions. The molecular bases of plant immunity are further 

explained in section 1.3. For a successful infection, pathogens rely on several virulence 

determinants to facilitate the invasion and proliferation within the host and the subversion of 

the plant defense responses (Figure 1.3). 

One of the first virulence determinants playing an important role in the plant-pathogen 

interaction are adhesins. Adhesins are molecules that mediate a relatively specific attachment 

between a pathogen and its host. Adhesins do not only play an important role in the attachment 

to the host surfaces, but they are also involved in motility, host penetration, spore germination, 

exchange of different molecules and biofilm formation (Epstein and Nicholson, 2006; Berne et 

al., 2015). Adhesins have been extensively characterized in Gram-negative plant pathogenic 

bacteria. Bacterial adhesins are divide in fimbrial, non-fimbrial and discrete polysaccharide 

adhesins. Fimbrial adhesins, also referred as attachment pili, are formed by polymeric protein 

fibers. Non-fimbrial adhesins are shorter and typically monomeric or trimeric protein structures. 

Polysaccharide adhesins include polysaccharides firmly associated to the bacterial surface 

(capsular polysaccharides or CPS) and polysaccharides released by the bacteria 

(exopolysaccharides or EPS) (Berne et al., 2015). Gram-positive plant pathogenic bacteria 

adhesins are so far less characterized, but fimbrial adhesins have been also found in spiroplasmas 

(Davis et al., 2005). Fungal and oomycete adhesins have been largely studied in animal 

pathogens but less in plant pathogens. Among plant pathogenic fungal adhesins we can find 

high molecular weight glycoproteins, hydrophobins and glycosilfosfatidilinositol-anchored 

proteins (Epstein and Nicholson, 2006; Lipke, 2018). 

When the pathogen encounters and attaches to the plant, the host cell wall is one of the 

first important barriers they have to face. Plant cell walls are composed of cellulose microfibrils 

embedded in a matrix of hemicellulose, pectin and structural proteins. To overcome this barrier, 

plant pathogens can deploy cell wall-degrading enzymes (CWDEs). CWDEs comprise 

arabinosidases, cellulases, galactosidases, glucuronidases, glycosidases, mannanases, xylanases, 

xyloglucanases and accessory enzymes (Kubicek, Starr and Glass, 2014). All these enzymes allow 

the pathogen not only to weaken the plant cell wall, but also to release mono- and 

oligosaccharides that can be subsequently catabolized. Different CWDEs are secreted by 

bacteria (Büttner and Bonas, 2010), filamentous pathogens (Kubicek, Starr and Glass, 2014),  
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Figure 1.4. Modes of action of plant pathogen effectors. Pathogens deploy proteic, chemical and sRNA 
effectors to modulate the host physiology and subvert the defenses to the pathogen’s own benefit. To do 
so, effectors are known to target many different cellular processes such as the different steps of the early 
signaling of basal defenses (e.g., recognition of pathogen, signaling cascades or synthesis of chemical 
defenses), degradative mechanisms such as proteophagy or autophagy, modulation of gene expression, 
RNA silencing, protein synthesis, vesicle trafficking, phytohormone homeostasis, organellar functions, 
cytoskeleton or transport through plasmodesmata. An extensive list of effectors targeting all these 
different cellular processes is presented in table 1.1.  
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nematodes (Davis, Haegeman and Kikuchi, 2011) and insects (Tokuda, 2019). Besides CWDEs, 

other plant pathogen enzymes can also act as virulence determinants. This is the case of 

detoxifying enzymes such as peroxidases, cytochrome c oxidases, multi-drug efflux pumps or 

different phytoalexin-converting enzymes (Genin and Denny, 2012; Pedras and Abdoli, 2017). 

Additionally, some pathogens are also able to synthesize phytohormones like auxins, cytokinins, 

abscisic acid, ethylene or salicylic acid to interfere with the plant hormonal homeostasis, which 

in some cases, can have a direct impact on virulence (De Meutter et al., 2005; Valls, Genin and 

Boucher, 2006; Kilaru, Bailey and Hasenstein, 2007; Morrison, Emery and Saville, 2015; 

McClerklin et al., 2018). 

1.2.2.1 Effectors: the pathogen’s Swiss Army knife 

 Among all virulence determinants, effectors are probably the ones studied most 

extensively in many pathosystems over the last decades. Effectors have been classically defined 

as molecules secreted by the pathogen that manipulate the host physiology and/or subvert the 

host defense (Göhre and Robatzek, 2008) (Figure 1.4). Despite this broad definition, effector 

biology has focused mainly on effector proteins and has understudied the potentially similar 

roles played by other small molecules such as secondary metabolites (chemical effectors) or 

small non-coding RNAs (sRNA effectors) (Collemare, O’Connell and Lebrun, 2019). 

Several chemical effectors have been described in different plant pathogens (Table 1.1 

and figure 1.4). Different pathovars from the Gram-negative plant pathogenic bacteria 

Pseudomonas syringae secrete several chemical effectors: coronatine, a molecule mimicking 

jasmonoyl isoleucine to avoid stomatal closure (Zheng et al., 2012); syringolin, an inhibitor of 

proteasome activity also  involved in avoiding stomatal closure (Schellenberg, Ramel and 

Dudler, 2010); or tabtoxin,  phaseolotoxin  and  mangotoxin, all inhibitors of the protein 

synthesis (Arrebola et al., 2011). Gram-positive bacterial pathogens also secrete chemical 

effectors such as thaxtomin, an inhibitor of cellulose synthesis synthesized by Streptomyces spp. 

(Scheible et al., 2003). Fungal and oomycete pathogens possess a wider range of secondary 

metabolites that can act as chemical elicitors. Many of these metabolites were thought to be 

cytotoxic but recent transcriptomic analyses show that the enzymes responsible for their 

biosynthesis are mostly expressed in the early stages of infection suggesting a more probable 

role as chemical effectors (Collemare, O’Connell and Lebrun, 2019). Among these fungal 

metabolites, we can find molecules that interfere with the calmodulin signaling 
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Table 1.1. Characterized effectors from plant pathogens. Table summarizing the roles of several characterized protein and nonproteinaceous effectors from 
plant pathogens involved in virulence classified by their mechanism of action. 

Effectora Species (type)b,c Brief description Reference(s) 

Interference with basal plant defense responses 

Avr4 C. flagellaris (F) Protection against chitinases. Santos Rezende et al.,  2019  

Avr2 C. fulvum (F) Interacts with cysteine proteases. van Esse et al.,  2008  

Avr4 C. fulvum (F) Protection against chitinases. van den Burg et al.,  2006  

Tom1 C. fulvum (F) α-tomatine detoxification. Ökmen et al.,  2013 ; Osbourn  1996  

Ecp6 C. fulvum (F) Chitin sequestering to prevent PTI. de Jonge et al.,  2010 ; Sánchez-Vallet et al.,  2013  

Cgfl C. graminicola (F) Inhibition of plant chitinase activity. Sanz et al.,  2015  

DspA/E E. amylovora (B) Inhibits callose deposition DebRoy et al.,  2004  

FB1 F. verticillioides (F) Protection against β-1,3-glucanases. Sánchez-Rangel et al.,  2012  

16B09 H. glycines (N) Suppression of host defense responses. Hu et al.,  2019  

GLAND18 H. schachtii (N) Suppression of host defense responses. Noon et al.,  2016  

4E02 H. schachtii (N) Inhibition of RD21A-mediated defenses. Pogorelko et al.,  2019  

Slp1 M. oryzae (F) Chitin sequestering to prevent PTI. Mentlak et al.,  2012 ; Chen et al.,  2014  

Hrip2 M. oryzae (F) Inhibition of phytoalexin synthesis. Nie et al.,  2019  

TCTP M. enterolobii (N) Suppression of PCD. Zhuo et al.,  2017  

01965 M. graminicola (N) Suppression of host defense responses. Zhuo et al.,  2018  

16820 M. graminicola (N) Suppression of host defense responses. Naalden et al.,  2018  

GPP M. graminicola (N) Suppression of host defense responses. Chen et al.,  2017  

265 M. hapla (N) Suppression of host defense responses. Gleason et al.,  2017  

Sp12 M. incognita (N) Suppression of host defense responses. Xie et al.,  2016  

TTL5 M. japonica (N) Activation of ROS-scavenging system. Lin et al.,  2016  

1LysM M. graminicola (F) Chitin sequestering to prevent PTI. Marshall et al.,  2011  

3LysM M. graminicola (F) Chitin sequestering to prevent PTI. Marshall et al.,  2011  

WtsE P. stewartii (B) Upregulates the shikimate and phenylpropanoid pathways. Asselin et al.,  2015  

AVRblb2 P. infestans (O) Prevents secretion of cysteine protease C14. Bozkurt et al.,  2011  

EPIC1 P. infestans (O) Inhibitor of cysteine proteases. Kaschani et al.,  2010 ; Tian et al.,  2007 ; Song et al.,  2009  

EPIC2B P. infestans (O) Inhibitor of cysteine proteases. Kaschani et al.,  2010 ; Tian et al.,  2007 ; Song et al.,  2009  
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GIP1 P. sojae (O) Inhibition of endoglucanase EgaseA to prevent PTI. Rose et al.,  2002  

CRN115 P. sojae (O) Maintenance of proper hydrogen peroxide levels. Zhang et al.,  2015  

CRN63 P. sojae (O) Destabilization of plant catalases. Zhang et al.,  2015  

CRN70 P. sojae (O) Suppression of hydrogen peroxide accumulation. Rajput et al.,  2014  

Avh240 P. sojae (O) Inhibition of plant proteases. Guo et al.,  2019  

AvrB P. syringae (B) Phosphorylation of RIN4 and suppression of PTI. Mackey et al.,  2002  

AvrPto P. syringae (B) 
Inhibition of FLS2 and EFR autophosphorylation, BIK1 
phosphorylation and dissociation of FLS2-BAK1 complex. 

Shan et al.,  2008 ; Xiang et al.,  2008, 2011 ; Zhou et al.,  2014  

AvrPtoB P. syringae (B) Ubiquitination of EFR and dissociation of FLS2-BAK1 complex. Göhre et al.,  2008 ; Shan et al.,  2008 ; Cheng et al.,  2011  

AvrRpm1 P. syringae (B) Phosphorylation of RIN4 and suppression of PTI. Mackey et al.,  2002  

HopAO1 P. syringae (B) 
Suppression of FLS2-mediated PTI and reduced EFR 
phosphorylation. 

Macho et al.,  2014  

HopF2 P. syringae (B) Suppression of BIK1 phosphorylation. Wang et al.,  2010 ; Wu et al.,  2011 ; Zhou et al.,  2014  

HopZ1a P. syringae (B) Suppression of PR1 and PR5 accumulation and SAR. Macho et al., 2010 

GSRE1 P. striiformis (F) Inhibition of ROS burst. Qi et al.,  2019  

# Pst-miRNAs P. striiformis (F) Silencing of PR2. Wang et al.,  2017  

AGLIP1 R. solani (F) Suppression of host defense responses. Li et al.,  2019  

RsLysM R. solani (F) Suppression of chitin-induced defenses. Dölfors et al.,  2019  

Pep1 U. maydis (F) Interacts with the maize peroxidase POX12 to suppress ROS signaling Hemetsberger et al.,  2012 ; Doehlemann et al.,  2013  

Pit2 U. maydis (F) Interacts with cysteine proteases. Mueller et al.,  2013  

Tin2 U. maydis (F) Inhibition of synthesis of defense-related metabolites. Tanaka et al.,  2014  

XopN X. euvesicatoria (B) Stabilization of a TARK1/TFT1 complex and suppression of PTI. Kim et al.,  2009a ; Taylor et al.,  2012  

XopY X. oryzae (B) Suppression of CERK1-mediated phosphorylation of RLCK18. Yamaguchi et al.,  2013  

Modulation of MAPK cascade signaling 

AvrLm1 L. maculans (F) Enhancement of MAPK9 phosphorylation. Ma et al.,  2018  

PexRD2 P. infestans (O) Interaction with MAPKKKε. King et al.,  2014  

Pi22926 P. infestans (O) Interaction with MAPKKKε. Ren et al., 2019  

AvrB P. syringae (B) Activation of MPK4. Cui et al.,  2010  

HopAI1 P. syringae (B) 
Inactivation of MPK3 and MPK6 and reduced kinase activity of 
MPK4. 

Zhang et al.,  2007 ; Zhang et al.,  2012 ; Singh et al.,  2014  

HopF2 P. syringae (B) ADP-ribosylation of MKK5 and interaction with MPK6. Wang et al.,  2010 ; Singh et al.,  2014  

Interference with the proteasome activity  
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SAP54 C. phytoplasma (B) Proteasomal degradation of MTF transcription factors. McLean et al.,  2014  

PM1900185 C. phytoplasma (B) E3 ligase activity. Strohmayer et al.,  2019  

Rbp-1 G. pallida (N) Interaction with a HECT-type ubiquitin E3 ligase. Diaz-Granados et al.,  2020  

RHA1B G. pallida (N) E3 ligase activity. Kud et al.,  2019  

AvrPiz-t M. oryzae (F) Interaction with APIP6, a RING E3 ubiquitin ligase. Park et al.,  2012  

vH6 M. destructor (I) Contain F-box motif. Zhao et al.,  2015  

vH9 M. destructor (I) Contain F-box motif. Zhao et al.,  2015  

Avr3a P. infestans (O) Stabilize the E3 ligase CMPG1. Bos et al.,  2010  

AvrPtoB P. syringae (B) E3 ubiquitin ligase activity. Göhre et al.,  2008  

HopM1 P. syringae (B) 
Proteasomal degradation of MIN7 and inhibition of proteasome 
activity. 

Nomura et al.,  2006, 2011 ; Üstün et al.,  2016  

HopZ4 P. syringae (B) Inhibition of proteasome activity. Üstün et al.,  2014  

XopJ X. euvesicatoria (B) Inhibition of proteasome activity. Üstün et al.,  2013, 2015  

XopL X. euvesicatoria (B) E3 ubiquitin ligase activity. Singer et al.,  2013  

XopP X. oryzae (B) Inhibition of OsPUB44 E3 ubiquitin ligase activity. Ishikawa et al.,  2014 . 

Modulation of phytohormone signaling 

Armet A. pisum (I) Induces SA accumulation. Cui et al.,  2019  

SAP11 C. phytoplasma (B) Alteration of JA signaling. Sugio et al.,  2011  

TENGU C. phytoplasma (B) Downregulation of JA and auxin signaling. Minato et al.,  2014  

SIX4 F. oxysporum (F) Activation of JA signaling. Thatcher et al.,  2012  

HARP1 H. armigera (I) Alteration of JA response. Chen et al.,  2019  

Tyr H. schachtii (N) Modulates hormone homeostasis. Habash et al.,  2017  

HaRxL44 H. arabidopsidis (O) Degradation of MED19A affecting the JA/SA balance. Caillaud et al.,  2013  

MiSSP7 L. bicolor (F) Block JA-responses. Plett et al.,  2011  

@ LasA L. mediterranea (F) JA-Ile precursor. Chini et al.,  2018  

AvrLm1 L. maculans (F) Alteration of SA and ethylene signaling. Šašek et al.,  2012  

Abm M. oryzae (F) Hydroxylation of JA. Miersch et al.,  2008 ; Patkar et al.,  2015  

vH24 M. destructor (I) Probably involved in phytohormone signaling. Zhao et al.,  2016  

ISE5 M. incognita (N) Alteration of JA signaling. Shi et al.,  2018  

PSE1 P. parasitica (O) Redistribution of auxin efflux carriers PIN4 and PIN7. Evangelisti et al.,  2013  

Isc1 P. sojae (O) Isochorismate activity. Liu et al.,  2014  



            

      

33 

 

 

Avr2 P. infestans (O) Induces BR signaling. Turnbull et al.,  2017  

Avh238 P. sojae (O) Inhibits ethylene biosynthesis. Yag et al.,  2018  

PvRXLR131 P. viticola (O) Alteration of BR signaling. Lan et al.,  2019  

AvrB P. syringae (B) Promotion of JAZ and COI1 interaction. Mackey et al.,  2002 ; Liu et al.,  2009 ; Cui et al.,  2010 ; Zhou et al.,  2015  

AvrRpt2 P. syringae (B) Promotion of Aux/IAA protein degradation. Cui et al.,  2013  

HopAF1 P. syringae (B) Required for PAMP-induced ethylene production. Washington et al.,  2016  

HopQ1 P. syringae (B) Activation of cytokinin signaling. Hann et al.,  2014  

HopX1 P. syringae (B) JAZ degradation. Gimenez-Ibanez et al.,  2014  

HopZ1a P. syringae (B) JAZ degradation. Jiang et al.,  2013  

@ Coronatine P. syringae (B) Mimics JA-Ile Zheng et al.,  2012  

@ IaaM P. graminis (F) IAA-precursor. Yin et al.,  2014  

PNPi P. striiformis (F) Prevents NPR1 interaction with TGA transcription factors. Wang et al.,  2016  

REPAT38 S. exigua (I) Alteration of JA response. Chen et al.,  2019  

Cmu1 U. maydis (F) Reduction of SA levels. Djamei et al.,  2011  

lsc1 V. dahliae (F) Isochorismate activity. Liu et al.,  2014  

SCP41 V. dahliae (F) Inhibits SA biosynthesis. Qin et al.,  2018  

AvrBs3 X. euvesicatoria (B) Induced auxin signaling. Marois et al.,  2002  

XopD X. euvesicatoria (B) Destabilization of ERF4 and reduced ethylene levels. Kim, Stork and Mudgett  2013  

Modulation of plant gene expression 

@ Depudecin A. brassicicola (F) Histone deacetylation. Wight et al.,  2009  

Bsp9 B. tabaci (I) Interaction with WRKY33 transcription factor. Wang et al.,  2019  

SAP11 C. phytoplasma (B) Destabilization of TCP transcription factors. Pecher et al.,  2019  

SAP54 C. phytoplasma (B) Degradation of MTF transcription factors. McLean et al.,  2014  

@ HC-toxin C. carbonum (F) Histone deacetylation. Walton  2006  

@ Apicidin F. fujikuroi (F) Histone deacetylase inhibitor. Kim et al.,  2004  

SP7 G. intraradices (F) Interaction with the transcription factor ERF19. Kloppholz et al.,  2011  

30D08 H. schachtii (N) Interacts with a spliceosomal protein. Verma et al.,  2018  

32E03 H. schachtii (N) Alteration of plant tRNA gene expression. Vijayapalani et al.,  2018  

GLAND4 H. schachtii (N) Binding to promoter of lipid transfer protein genes Barnes et al.,  2018  

HsvG P. agglomerans (B) DNA binding and activation of plant gene expression. Nissan et al.,  2006, 2012  
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Pi03192 P. infestans (O) Prevents NTP1 and NTP2 nuclear import. McLellan et al.,  2013  

HopD1 P. syringae (B) Suppression of NTL9-regulated gene expression during ETI. Block et al.,  2014  

HopU1 P. syringae (B) 
Interaction with RNA-binding proteins and reduction of PRR gene 
expression. 

Fu et al.,  2007 ; Jeong et al.,  2011 ; Nicaise et al.,  2013  

TAL family Xanthomonas spp. (B) Specific DNA-binding and transcriptional activation. Boch et al.,  2009  

Interference with the plant cytoskeleton 

PFN3 M. incognita (N) Disruption of actin filaments. Leelarrasamee et al.,  2018  

HopE1 P. syringae (B) 
Interaction with calmodulin and microtubule-associated protein 
MAP65. 

Guo et al.,  2016  

HopG1 P. syringae (B) Induces actin filament bundling. Shimono et al.,  2016  

HopW1 P. syringae (B) Actin cytoskeleton disruption. Kang et al.,  2014  

HopZ1a P. syringae (B) Acetylation of tubulin and destruction of microtubules. Lee et al.,  2012  

@ Cytochalasan Several species (F) Actin cytoskeleton disruption. Kretz et al.,  2019  

AvrBsT X. euvesicatoria (B) Acetylation of tubulin-binding protein ACIP1. Cheong et al.,  2014  

XopL X. euvesicatoria (B) Induces the elimination of stromules. Erickson et al.,  2018  

Modulation of organelle function 

HopG1 P. syringae (B) Targets mitochondria to suppress PTI. Bock et al.,  2010  

HopI1 P. syringae (B) Recruitment of cytosolic Hsp70 to chloroplasts. Jelenska, van Hal and Greenberg  2010  

HopK1 P. syringae (B) Reduced photosynthesis. Li et al.,  2014  

HopN1 P. syringae (B) Reduced activity of PSII. Rodriguez-Herva et al.,  2012  

XopL X. euvesicatoria (B) Relocation of chloroplast near the nucleus. Erickson et al.,  2018  

AvrGf2 X. fuscans (B) Targets chloroplasts. Gochez et al.,   2017  

Interference with molecule trafficking 

Avr-Pii M. oryzae (F) Interaction with OsExo70-F2 and OsExo70-F3. Fujisaki et al.,  2015  

Avr3a P. infestans (O) Interaction with DRP2, involved in endocytosis. Chaparro-Garcia et al.,  2015  

HopW1 P. syringae (B) Interference with endocytosis Kang et al.,  2014  

HopZ1a P. syringae (B) Interference with vesicle trafficking Lee et al.,  2012  

AvrPtoB P. syringae (B) Interaction with EXO70B1. Wang et al.,  2019  

@ Brefeldin A Several species (F) Inhibitor of protein ER to Golgi trafficking. Nebenführ et al.,  2002  

Interference with RNA silencing 

# Bc-sRNAs B. cinerea (F) Silencing of Argonaute proteins. Weiberg et al.,  2013  
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PSR1 P. sojae (O) RNA silencing suppression. Qiao et al.,  2013, 2015  

PSR2 P. sojae (O) RNA silencing suppression. Qiao et al.,  2013, 2015  

# Vd-sRNAs V. dahliae (F) Silencing of DCL proteins. Wang et al.,  2016  

Modulation of autophagy 

PexRD54 P. infestans (O) Interaction with ATG8CL. Dagdas et al.,  2016  

AVH195 P. parasitica (O) Interaction with ATG8 and represses autophagy. Testi et al.,  2019  

HopM1 P. syringae (B) Induced autophagy. Üstün et al.,  2018  

@ Oxalic acid S. sclerotiorum (F) Suppression of autophagy. Kabbage et al.,  2013  

Inhibition of protein synthesis 

@ Monorden C. graminicola (F) Inhibits protein-folding machinery. Wicklow et al.,  2009  

@ Deoxynivalenol Fusarium spp. (F) Binds ribosome and prevents peptidyl transferase activity. Shifrin and Anderson  1999  

@ Mangotoxin P. syringae (B) Inhibitors of protein synthesis. Arrebola et al.,  2011  

@ Tenuazonic 
acid 

Several species (F) Inhibits ribosome activity. Chen and Qiang  2017  

Other mechanisms 

HopO1 P. syringae (B) Manipulation of plasmodesmata intercellular flux. Aung et al.,  2019  

HopBF1 P. syringae (B) Inhibition of ATPase activity of HSP90. Lopez et al.,  2019  

@ Tabtoxin P. syringae (B) Inhibition of nitrate assimilation. Arrebola et al.,  2011  

@ Phaseolotoxin P. syringae (B) Inhibition of one step of the urea cycle. Arrebola et al.,  2011  

@Thaxtomin Streptomyces spp. (B) Inhibition of cellulose synthesis. Scheible et al., 2003 

@ Ophiobolin Helminthosporium spp. (F) Interference with calmodulin signaling. Au et al.  2000  

a Protein effector unless otherwise noted (sRNA effectors are preceded by # and chemical effectors by @). 
b Pathogen types abbreviations: B, bacterium; F, fungus; O, oomycete; N, nematode; and I, insect.  
c Ralstonia solanacearum and Xanthomonas campestris pv. campestris were excluded from this list as more exhaustive lists on these two pathogens are presented 

in tables 1.3 and 1.4.
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(e.g., ophiobolin) (Au, Chick and Leung, 2000), histone acetylation (e.g., depudecin) (Wight et 

al., 2009), actin polymerization (e.g., cytochalasans) (Skellam, 2017) or different stages of the 

protein synthesis and secretion (e.g., brefeldin, deoxynivalenol, monorden or tenuazonic acid) 

(Wang et al., 2002; Wicklow, Jordan and Gloer, 2009; Audenaert et al., 2013) 

Recently, it was discovery that pathogen sRNAs can be naturally transferred into the 

plant cell to silence the endogenous expression of host genes, acting thus as effectors. This first 

example of cross-kingdom RNA interference was observed between three Botrytis cinerea sRNAs 

that silenced the expression of Argonaute proteins from Arabidopsis and tomato (Weiberg et al., 

2013). This same mechanism has been observed later in other fungal pathogens such as 

Verticillium dahliae (Wang et al., 2016) and Puccinia striiformis (Wang et al., 2017), and 

predicted in Blumeria graminis (Kusch et al., 2018) and Sclerotinia sclerotiorum (Derbyshire et 

al., 2019) (Table 1.1 and figure 1.4). 

Despite the gathered knowledge on chemical and sRNA effectors over the last years, 

effector proteins are by far the virulence determinants best characterized in plant pathogens. 

Gram-negative bacterial type III effectors (T3Es) are some of the most extensively studied 

effectors. T3Es are effector proteins synthesized by the bacterium and translocated through its 

type III secretion system (T3SS), a sort of molecular syringe, directly into the host cytoplasm 

(Büttner and He, 2009). There are many examples of bacterial T3Es interfering with the plant 

basal defenses, mitogen-activated protein kinase (MAPK or MPK) cascade signaling, proteasome 

activity, phytohormones synthesis and signaling, gene expression, cytoskeleton organization, 

vesicle trafficking or organelle function (Büttner, 2016; Macho, 2016) (Table 1.1 and figure 1.4). 

Comparatively less studied are effectors from Gram-positive plant pathogenic bacteria although 

there are few well-characterized examples such as phytoplasma effectors SAP54  that triggers 

the proteasomal degradation of plant transcription factors (MacLean et al., 2014), TENGU that 

downregulates auxin and jasmonic acid signaling (Minato et al., 2015), or SAP11 that interferes 

with plant transcription factors (Pecher et al., 2019). Effector proteins from filamentous 

pathogens and nematodes have also been largely studied over the last decades but, although 

through comparative genomics and transcriptomics, it is now easier to identify putative 

effectors, the lack of methods for genetic transformation of most species hinders their functional 

characterization. Similar to bacterial effectors, oomycete, fungal and nematode effectors also 

interfere with plant basal defenses, phytohormones signaling, gene expression, MAPK cascade 

signaling, proteasome activity, vesicle trafficking,  RNA silencing, epigenetic modifications or 
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cytoskeleton organization (Sharpee and Dean, 2016; Uhse and Djamei, 2018; Mejias et al., 2019; 

Vieira and Gleason, 2019) (Table 1.1 and figure 1.4). Work on insect effector manipulation of 

plant physiology is a relatively new emerging field. However, due to the complexity of the 

pathogen organisms, functional characterization of insect effectors is not an easy task and 

therefore, the number of well-characterized insect effectors so far is scarce (Giron et al., 2016) 

(Table 1.1). 

Altogether, regardless the type of pathogen they come from or their chemical nature, 

effectors have some general characteristics: 1) Effector gene expression is regulated in order to 

save resources. Effector-related genes are usually expressed at low levels in normal conditions 

and are expressed at higher level specifically during infection (Büttner and Bonas, 2010; Tan and 

Oliver, 2017). 2) Effectors are secreted. Effector molecules are synthesized in the pathogen and 

act within the host so they have to be secreted or translocated. Some pathogens secretion 

mechanisms are well studied such as the bacterial T3SS (Büttner and He, 2009) and T4SS (Voth, 

Broederdorf and Graham, 2012), fungal sRNA-containing extracellular vesicles (Cai et al., 2019), 

or nematode and insects stylets (Rodriguez and Bos, 2013; Mejias et al., 2019); whereas other are 

relatively less known, such as the fungal effector protein secretion mechanisms (Uhse and 

Djamei, 2018).  3) Effectors from different pathogens modify the plant physiology and immunity 

by targeting the same similar processes previously mentioned. In order to do so, effectors tend 

to interact with highly connected host proteins or “hubs” (Mukhtar et al., 2011). These hubs 

usually occupy key positions in the host regulatory networks and therefore, by interfering with 

them, the pathogen can maximize its impact (Li, Zhou and Zhang, 2017; Ahmed et al., 2018). 4) 

As consequence of the previous point, several effectors from a same pathogen might target a 

same plant target or biological process leading to functional redundancy (Tan et al., 2015). This 

redundancy ensures a more robust virulence strategy for the pathogen, but complicates the 

dissection of single effector functions by classical reverse genetics approaches. 

1.3. How to be a bad host: the plant side of the story 

Unlike animals, plants lack an adaptive immune system with highly specialized and 

motile cells that protect the host against the possible invaders. Instead, each plant cell must be 

independently capable of defend itself when confronted to a pathogen. Plants have evolved a 

complex and multilayered immune system (Jones and Dangl, 2006). The long-term 

maintenance of defense mechanisms is very costly for the plant, limiting the resources otherwise  
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Figure 1.5. Constitutive structural defense mechanisms of plants. (A) Aposematic spines along the 
petioles of fan palms (Washingtonia filiferra). (B) Scheme of the cross-section of a plant cuticle. The cuticle 
covers and protect the outermost region of the epidermis in the aerial parts of the plant. (C) Scheme of 
the cross-section of a root with a close-up of the lower-right quarter of the section depicting the flow of 
water and nutrients (blue). The Casparian strip act as a selective diffusion barrier preventing the 
apoplastic flow and forcing a symplastic pass towards the vascular cylinder. (D) Structure and composition 
of the primary and secondary cell wall of plants. ML: middle lamella, PCW: primary cell wall, PM: plasma 
membrane, SCW: secondary cell wall. Adapted from Lev-Yadun, 2016 (A); Heredia-Guerrero et al., 2016 
(B); Grebe, 2011 (C); and Loix et al., 2017 (D). 
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available for growth (Huot et al., 2014). This is why most defense mechanisms are tightly 

regulated and shut down in the absence of biotic stress stimuli prioritizing the allocation of 

resources towards plant growth (Huot et al., 2014). Nevertheless, plants need to deploy 

constitutively a minimal set of defense mechanisms to ensure an initial restraint of the pathogen 

invasion and to gain time to deploy the stronger induced defense mechanisms. 

1.3.1 “Stay ready” - Constitutive defenses 

Among the defense mechanisms constitutively present in the plant, we can find both 

structural and chemical barriers. Structural barriers can be macroscopic such as thorns, spines 

and prickles that do not only limit insect herbivory, but they can also present aposematism (i.e., 

warning coloration) or be colonized by enthomopathogenic bacteria and fungi to infect 

wounded insects (Halpern, Raats and Lev-Yadun, 2007) (Figure 1.5A). At the tissue level, we 

find the cuticle. The cuticle is the barrier covering the outer surface of the epidermis in aerial 

parts (Figure 1.5B). Its composition varies among species but it is generally composed of the 

polyester cutin covered and interspersed with waxes (Serrano et al., 2014). This barrier allows 

the plant to prevent the colonization of pathogens and water losses. Precisely due to the 

impermeability of the cuticle, roots lack this barrier as their main function is water uptake. This 

could make roots more prone to be colonized by pathogens but this is prevented by the presence 

of the Casparian strip in the root endoderm (Figure 1.5C). This lignified barrier selectively 

controls the nutrient uptake and prevents the colonization by soilborne pathogens (Naseer et 

al., 2012). Finally, at the cellular level, plant cells are surrounded by cell wall (Figure 1.5D). Cells 

in expansion present a primary cell wall composed of cellulose, hemicelluloses, pectins, and 

glycoproteins. In addition to this primary cell wall, cells that have completed their expansion are 

reinforced with a secondary cell wall mainly formed by cellulose, hemicelluloses and lignins. The 

cell wall has many essential functions during plant development but also prevents the invasion 

by many pathogens. The cell wall act thus as a passive barrier that needs to be breached for the 

progression of the pathogen (Miedes et al., 2014). 

In addition to the structural barriers, plants also synthesize constitutively a broad range 

of secondary metabolites that are toxic to pathogens. Among these secondary metabolites, we 

can find saponins that degrade cellular membranes, hydrogen cyanide or cardenolides that 

inhibit respiration, phytic acid that sequesters nutrients, cicutoxin that blocks potassium 

channels, bismorphine that inhibits pathogen pectinases or glucosionolates that have different 

deterrent and toxic effects (Wittstock and Gershenzon, 2002; Wittstock et al., 2003). In order   
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Table 1.2. Examples of avirulence and resistance proteins. Table showing several examples of 
characterized avirulence and resistance proteins. 

Effector Species (kingdom)a,b R protein Host Reference 

Avr3 B.  lactucae (O) Dm3 Lettuce Shen  et al., 2001 

Avr2 C. fulvum (F) Cf2 Tomato Joosten and De Wit,  1999  

Avr4 C. fulvum (F) Cf4 Tomato Joosten and De Wit,  1999  

Avr9 C. fulvum (F) Cf9 Tomato de Wit  et al.,  1985  

ATR1 H. arabidopsidis (O) RPP1 A. thaliana Rehmany et al., 2005 

ATR5 H. arabidopsidis (O) RPP5 A. thaliana Bailey et al., 2011 

HaRxL103 H. arabidopsidis (O) RPP4 A. thaliana Asai et al. 2018 

ArvLm2 L. maculans (F) Rlm2 B. napus Ghanbarnia  et al.,  2014  

AvrLm1 L. maculans (F) Rlm1 B. napus Gout  et al.,  2006  

AvrLm11 L. maculans (F) Rlm11 B. napus Balesdent  et al.,  2013  

AvrLm3 L. maculans (F) Rlm3 B. napus Plissonneau  et al.,  2015  

AvrLm4-7 L. maculans (F) Rlm4-7 B. napus Parlange  et al.,  2009  

AvrLm6 L. maculans (F) Rlm6 B. napus Fudal  et al.,  2007  

AvrLmJ1 L. maculans (F) RlmJ1 B. juncea Van de Wouw  et al.,  2014  

vH13 M. destructor (I) H13 Wheat Aggarwal  et al.,  2014  

vH24 M. destructor (I) H24 Wheat Aggarwal  et al.,  2014  

vH6 M. destructor (I) H6 Wheat Aggarwal  et al.,  2014  

vH9 M. destructor (I) H9 Wheat Aggarwal  et al.,  2014  

AvrL567 M. lini (F) L5, L6 and L7 Flax Dodds et al., 2004 

AvrM M. lini (F) M Flax Catanzariti et al., 2006 

AvrP4 M. lini (F) P4 Flax Catanzariti et al., 2006 

Avr-Pii M. oryzae (F) Pii Rice Tsunematsu  et al.,  2000  

AvrPiz-t M. oryzae (F) Piz-t Rice Li  et al.,  2009  

Avr3a P. infestans (O) R3a Potato Huang  et al.,  2005  

AVRblb2 P. infestans (O) Rbi-blb2 S. bulbocastanum Oh  et al.,  2009  

AvrB P. syringae (B) RPM1 A. thaliana Mackey  et al.,  2002  

AvrPphB P. syringae (B) RPS5 A. thaliana Shao  et al.,  2003  

AvrPto P. syringae (B) Prf/Pto Tomato Scofield  et al.,  1996 ; Kim  et al., 2002  

AvrPtoB P. syringae (B) Prf/Pto Tomato Kim, Lin and Martin  2002  

AvrRpm1 P. syringae (B) RPM1 A. thaliana Mackey  et al.,  2002  

AvrRps4 P. syringae (B) RRS1/RPS4 A. thaliana Sarris  et al.,  2015  

AvrRpt2 P. syringae (B) RPS2 A. thaliana Axtell  et al.,  2003  

HopA1 P. syringae (B) RPS6 A. thaliana Kim  et al.,  2009  

HopZ1a P. syringae (B) ZAR1 A. thaliana Lewis  et al.,  2013  

HopQ1 P. syringae (B) Roq1 N. benthamiana Schultink  et al.,  2017  

ToxA P. trtici-repentis (F) Tsn1 Wheat Ciuffetti  et al.,  2010 ; Faris  et al.,  2010  

ToxB P. trtici-repentis (F) Tsc2 Wheat Effertz  et al.,  2002 ; Singh  et al.,  2010  

AvrBs3 X. euvesicatoria (B) Bs3 Pepper Bonas et al., 1989 

AvrBs4 X. euvesicatoria (B) Bs4 Tomato Ballvora et al., 2001 

XopQ X. euvesicatoria (B) Roq1 N. benthamiana Schultink  et al.,  2017  

AvrHah1 X. gardneri (B) Bs3 Pepper Schornack et al., 2008 

a
 Pathogen types abbreviations: B, bacterium; F, fungus; O, oomycete; N, nematode; and I, insect. 

c 
Ralstonia solanacearum and Xanthomonas campestris pv. campestris were excluded from this list as 

more exhaustive lists on these two pathogens are presented in tables 1.3 and 1.4. 
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to save resources, constitutive chemical defenses are spatially regulated and accumulate in 

organs that are under a higher risk of attack while lower-risk organs present rather inducible 

defenses (Zangerl and Rutledge, 1996). 

1.3.2 “Get ready” - Inducible defenses 

Contrary to constitutive defenses, inducible defense mechanisms require a tight 

regulation that ensures their inactive state under normal conditions and a quick and effective 

activation upon the pathogen infection. In order to trigger this kind of defense mechanisms, 

plants have thus to perceive the presence of the pathogen, activate the adequate signaling 

pathway and execute the corresponding responses. 

1.3.2.1 Perception: how to know that you are not alone? 

Pathogen-derived signal molecules have been traditionally classified in two groups: the 

conserved “pathogen-” or “microbe-associated molecular patterns” (PAMPs or MAMPs) and the 

pathogen-specific effectors. PAMPs are typically small molecules relatively conserved among 

different microorganisms (e.g., bacterial flagellin, elongation factor Tu, peptidoglycan or 

lipopolysaccharide, or fungal chitin or ethylene-induced xylanase) and are responsible for the 

activation of the first layer of defenses, the “PAMP-triggered immunity” (PTI). PTI comprises a 

wide variety  of responses such as the generation of reactive oxygen species (ROS) and the 

expression of immune-related genes, and is usually enough to prevent the infection of most 

microorganisms (Boller and Felix, 2009). It is noteworthy to mention that this kind of defense 

responses can also be triggered by plant molecules released as consequence of the pathogen 

attack referred as “damage-associated molecular patterns” (DAMPs) (e.g., systemin, 

oligogaracturonides or cutin monomers) (Newman et al., 2013). Effectors, in addition to their 

mentioned role as virulence determinants, can also serve as pathogen attack markers and trigger 

stronger defense responses collectively known as “effector triggered immunity” (ETI). This 

makes effectors a double-edge sword as they can act as both virulence and resistance 

determinants (Tables 1.1 and 1.2). ETI responses are a similar but amplified version of the PTI 

responses and are often associated with local cell death called “hypersensitive response” (HR) 

that prevents the further expansion of the pathogen. 

These two layers of plant immunity, together with the pathogen ability to overcome 

them, constitute a co-evolutionary arm race between the host and the pathogen known as the  
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Figure 1.6. The zigzag model for plant immunity. Classical zigzag model: The output of the plant-
pathogen interaction is determined by the contribution of PTI, ETS and ETI. 1) Conserved PAMPs from 
the pathogen are recognized by the plant triggering PTI. 2) Effectors from an adapted pathogen can 
subvert the PTI leading to ETS. 3) The plant can recognize one of the pathogen effectors (in red) leading 
to an avirulence factor-resistance (Avr-R) gene-for-gene ETI. 4) Other effectors from an adapted pathogen 
can also subvert the ETI leading to ETS. 5) The plant can also recognize new effectors (in blue) and trigger 
the ETI. Adapted from Jones & Dangl, 2006. 
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zigzag model (Jones and Dangl, 2006) (Figure 1.6): Conserved molecules from different 

pathogens are recognized by the plant to trigger PTI leading to a basal resistance. However, 

some pathogens can secrete effectors that inhibit these defenses leading to the so-called effector 

triggered susceptibility (ETS). Plants, on the other hand, can also evolve to perceive some of 

these effectors and trigger the stronger ETI leading to full resistance. Nevertheless, pathogens 

can also evolve new effectors able to block the ETI leading back to susceptibility; until the plant 

evolves to recognize a new effector and to trigger back ETI, and so on and so forth.  

It has been traditionally proposed that the recognition of PAMP/DAMPs and effectors is 

performed by extracellular and intracellular receptors respectively (Jones and Dangl, 2006). 

However, this dichotomy between PAMPs and effectors (and therefore, between PTI and ETI) 

has been challenged due to several limitations, exceptions and incongruities (Cook, Mesarich 

and Thomma, 2015). Extracellular receptors, also referred as “pattern recognition receptors” 

(PRR), are surface-localized receptor-like kinases, comprising an extracellular ligand-binding 

domain and an intracellular kinase domain; or receptor-like proteins, lacking the intracellular 

kinase domain (Macho and Zipfel, 2014). PRRs are able to homo- or heterodimerize or 

multimerize (e.g., the chitin receptor CERK1 in Arabidopsis, the flagellin receptor complex FLS2-

BAK1 in Arabidopsis, or the chitin receptor complex CEBiP-CERK1 in rice, respectively) to 

perceive extracellular signals and transduce the signal into the cytoplasm (Chinchilla et al., 

2007; Shimizu et al., 2010; Liu et al., 2012) (Figure 1.7A). Intracellular receptors belong to the 

“nucleotide-binding oligomerization domain (NOD)-like receptor” (NLR) family. These 

modular receptors typically present a C-terminal leucine-rich repeat (LRR) domain, a central 

nucleotide-binding site (NBS) and an additional N-terminal domain. This N-terminal can be 

either coiled-coil (CC), Toll-interleukin 1 receptor (TIR), or RPW8-like domain at the N-

terminus. Depending on this domain, NLRs are classified as CC-type NLRs (CNLs), TIR-type 

NLRs (TNLs) or RPW8-type NLRs (RNLs) (Monteiro and Nishimura, 2018). NLRs can recognize 

pathogen signals directly or indirectly through a guard protein (Figure 1.7B). The recognition 

of these signals usually triggers a conformational change that allows the transduction of the 

signal. Often these NLRs require the association with helper NLRs such as NRG1, a helper of 

several TNLs (Collier, Hamel and Moffett, 2011), or the NRC family, helpers of CNLs (Wu et al., 

2017). 
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Figure 1.7. Plant receptors involved in plant immunity. (A) Extracellular receptors are pattern 
recognition receptors (PRRs, in blue and red) localized at the plasma membrane (PM). PRRs are able to 
recognize PAMPs (in orange) through homodimerization (AtCERK1), heterodimerization (FLS2-BAK1) or 
multimerization (OsCEBiP and OsCERK1). (B) Intracellular receptors are NOD-like receptors (NLRs) that 
present a variable N-terminus (T, in blue), a nucleotide binding site (NBS, in green) and a leucine-rich-
repeat (LRR, in yellow). Upon recognition of an effector (red star), the NLR can change its conformation 
and transduce the signal. This recognition can be direct or indirect through a guard protein (G, in orange). 
(C) ZAR1 resistosome formed upon effector-triggered union and pentamerization of ZAR1, RKS1 and PBL2. 
The N-termini of ZAR1 form a funnel-shaped structure (squared in purple) that could potentially anchor 
the resistosome to the PM triggering the ETI through drastic alteration of ion fluxes. Adapted from Macho 
& Zipfel, 2014 (A); Monteiro & Nishimura, 2018 (B); and Wang et al.  2019 (C). 
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1.3.2.2 Signaling: how to process that you are not alone? 

Upon recognition of pathogen molecules by the mentioned receptors, several signals 

coordinately act in the plant cytoplasm to trigger the inducible defense mechanisms. These 

signals include alterations in the ion fluxes, generation of ROS and nitric oxide (NO), activation 

of MAPK cascades, modulation of hormone signaling and transcriptional reprogramming (Peng, 

van Wersch and Zhang, 2018) (Figure 1.8). 

One of the first signals observed upon infection is a rapid increase of calcium (Ca2+) 

concentration in the cytoplasm. This increase is not constant and depending on its frequency, 

amplitude or cellular distribution, it might code for different pathogen signals or “Ca2+ 

signatures” (McAinsh and Hetherington, 1998). These signatures are transduced by Ca2+ binding 

proteins or Ca2+ sensors such as calmodulins, calmodulin-like proteins or Ca2+-dependent 

protein kinases by binding or phosphorylation of their respective targets (Aldon et al., 2018) 

(Figure 1.8).  

Another rapid signal of pathogen detection is the generation of ROS such as superoxide 

anion, hydrogen peroxide and hydroxyl radicals. Apoplastic ROS are mainly synthesized by 

plasma membrane NADPH oxidases and cell wall peroxidases while cytoplasmic ROS are 

generated mostly in chloroplasts, peroxisomes and mitochondria (Qi et al., 2017) (Figure 1.8). 

Due to their cytotoxicity, ROS do not only play an important role in signaling, but they have also 

a direct antimicrobial effect. However, to avoid self-cytotoxicity, plants possess efficient ROS 

scavenging systems including catalases, oxidases, peroxidases, superoxide dismutases and 

different antioxidants (Mittler et al., 2004; Foyer and Noctor, 2005). ROS signaling is perceived 

by direct modification of proteins that present sulfur-containing amino acids or indirect 

modification of targets through redox molecules although yet little is known about these ROS-

regulated target proteins (Qi et al., 2017). NO is a reactive nitrogen species also quickly 

generated upon infection that can interact with Ca2+, ROS as well as post-translationally modify 

proteins to transduce and modulate the biotic stress signal (Besson-Bard, Pugin and 

Wendehenne, 2008; Malerba and Cerana, 2015). 

The recognition of pathogen molecules also triggers the activation of  plant MAPK 

cascades that transduce the signal in form of phosphorylation of a wild range of target proteins 

with different roles in plant physiology and immunity (Meng and Zhang, 2013). These cascades 

are formed by successive rounds of phosphorylation of MAPK kinase kinases (MAPKKKs or  
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Figure 1.8. Plant defense signaling. The presence of the pathogen on the apoplast is perceived by an 
increase in the cytoplasmic Ca2+ sensed by calcium binding proteins (CBP) and PAMP binding to 
extracellular receptors (PRR). This induces the production of ROS in the apoplast via NADPH oxidases 
and peroxidases (POX) and in the cytoplasm via chloroplasts and mitochondria. Ca2+, PAMP and ROS 
signaling can activate, directly or indirectly via MAPK cascades (MEKK, MKK and MAPK), different 
transcriptional factors (TF) that will induce the expression of defense-related genes. Additionally, ROS 
also induce NO synthesis that can interact with Ca2+ and ROS signaling. To avoid the cytotoxic effect of 
ROS, plant present different scavenging systems. 
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MEKKs), MAPK kinases (MAPKKs or MKKs) and MAPKs (Figure 1.8). Two important MAPK 

cascades have been characterized for their role in Arabidopsis immunity: 1) The 

MAPKKK3/5‑MKK4/5 ‑MPK3/6 cascade, which is involved in the biosynthesis of the ethylene, 

camalexin and glucosionolates and the closure of stomata. 2) The MEKK1-MKK1/2-MPK4 

cascade, which is involved in other basal defense responses (Thulasi Devendrakumar, Li and 

Zhang, 2018). 

As in any other physiological process, phytohormones, particularly salicylic acid (SA), 

jasmonic acid (JA) and ethylene, also play a pivotal role in plant immunity. Generally, biotrophic 

pathogens tend to induce the SA pathway while necrotrophic pathogens and wounding 

(herbivores) upregulate the JA and ethylene pathways (Figure 1.9). Enhanced diseases 

susceptibility 1 (EDS1) and Phytoalexin deficient 4 (PAD4) induce the synthesis of SA mostly by 

the Isochorismate Synthase 1 (ICS1) pathway. The increase in SA triggers the monomerization 

and subsequent nuclear import of Non-expressor of PR genes 1 (NPR1), the master regulator of 

the SA signaling pathway. Once in the nucleus, NPR1 interacts with TGA transcription factors 

to induce the expression of SA-responsive genes (Vlot, Dempsey and Klessig, 2009). JA is 

synthesized from membrane-released linolenic acid and then conjugated in many different 

forms although only jasmonoyl-l-isoleucine (JA-Ile) and in lesser extent methyl jasmonate 

(MeJA) are active. Upon infection, JA-Ile binds and changes the conformation of Coronatine 

Insensitive 1 (COI1) allowing its association with Jasmonate Zinc-finger expressed in 

inflorescence meristem (ZIM) (JAZ)-domain transcriptional repressor proteins in the nucleus. 

This association leads to JAZ protein proteasomal degradation and the arrest of the repression 

of MYC transcription factors that induce the JA-responsive genes (Antico et al., 2012). Similarly, 

JAZ proteins also repress Ethylene Insensitive 3 (EIN3) and EIN3-like 1 (EIL1) which control other 

sets of JA- and ethylene-responsive genes connecting both hormone signaling pathways (Zhu et 

al., 2011). It has been reported that the JA and SA signaling pathways are antagonist with SA 

inhibiting the JA pathway via NPR1 or JA inhibiting SA synthesis by inhibition of ICS1 expression 

(Spoel et al., 2003; Zheng et al., 2012). Ethylene is synthesized from S-adenosyl methionine. 

Upon infection, ethylene binds its receptors leading to an inactivation of Constitutive Triple 

Response 1 (CTR1) allowing EIN2 to protect EIN3/EIL from proteasomal degradation and 

therefore, inducing the expression of ethylene-responsive genes (Zhang et al., 2018). In addition 

to SA, JA and ethylene, other phytohormones also present minor roles in immunity: Abscisic 

acid is involved in stomatal closure upon infection (Melotto et al., 2006), gibberellins influence  
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Figure 1.9. Phytohormone signaling in plant defense. Biotrophic pathogens induce the salicylic acid 
(SA) pathway whereas necrotrophic pathogens and wounds induce the jasmonic acid (JA) and ethylene 
(ET) pathways. Upon perception of a biotrophic pathogen, EDS1 and PAD4 are activated and induce the 
synthesis of SA. SA triggers a redox change that allow the monomerization of NPR1. Monomeric NPR1 can 
go to the nucleus where it interacts with TGA transcription factors to induce the expression of SA-
responsive genes such as PR1, PR2 and PR5. Upon perception of a necrotrophic pathogen, the synthesis 
of JA and ET are enhanced. JA is conjugated into its most active forms such as JA-Ile. Ja-ILE induces the 
interaction of COI with JAZ proteins leading to the proteasomal degradation of the latter. This stops the 
JAZ-protein-inhibition of MYC transcription factors which is the steady state, allowing thus the expression 
of JA-responsive genes such as PR3, PR4 and PR12. ET is recognized by ET receptors such as ETR1 that 
inactivate CTR1. In normal conditions CTR1 inhibits EIN2. Therefore, ET indirectly activates EIN2, which 
subsequently activates EIN3 and EIL1 transcription factors that control the expression of ET-responsive 
genes such as PDF1.2. EIN3/EIL1 action is also repressed by JAZ proteins and are therefore equally 
controlled by JA. 
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negatively the JA pathway (Robert-Seilaniantz, Grant and Jones, 2011), and auxins and cytokinins 

can suppress and potentiate SA signaling respectively (Zhang et al., 2018).  

Regardless the elicitor molecule or the signaling pathway, most signals end up 

modulating gene expression through interaction with transcriptional regulators. Members from 

several plant transcription factor families such as  the Apetala2/Ethylene-response element 

binding factor (AP2/ERF), basic-helix-loop-helix (bHLH), TGA/basic domain leucine zipper 

(TGA/bZIP), MYB, No apical meristem (NAM)/Arabidopsis thaliana activating factor 1 and 2 

(ATAF1-2)/Cup-shaped cotyledon 2 (CUC2) (NAC); Teosinte branched 1/Cycloidea/PCF (TCP) 

or WRKY families are involved in plant immunity (Tsuda and Somssich, 2015). These 

transcription factors can be targeted directly by immune receptors (e.g., the NLR Mildew locus 

a10, MLA10, interacts directly with barley transcription factors HvWRKY1 and 2) (Shen et al., 

2007); or indirectly through MAPK cascade activation (e.g., Arabidopsis AtWRKY33 is a target 

of the MAPKKK3/5‑MKK4/5 ‑MPK3/6 cascade) (Mao et al., 2011), or CA2+ sensors (e.g., 

Arabidopsis Calmodulin-binding transcription activator 3, AtCAMTA3) (Galon et al., 2008). 

Plants can even exploit their own transcription factors as decoys to recognize pathogen effectors 

(e.g., Arabidopsis RRS1 recognizes R. solanacearum PopP2) (Le Roux et al., 2015).  

1.3.2.3 Execution: what to do when you are not alone? 

Similar to constitutive defenses, among the defense mechanisms induced by the 

pathogen signals we also find structural and chemical defenses. Induced structural defenses are 

related to the reinforcement of the previously described constitutive barriers. In this way, upon 

infection, plant cells can strengthen their cell wall with the secretion of callose or lignin and 

expression of extensins and proline-rich proteins (Brisson, Tenhaken and Lamb, 1994; 

Merkouropoulos and Shirsat, 2003; Underwood, 2012). Another important inducible structural 

defense is the closure of stomatal pores to prevent the penetration of pathogen through them 

(Melotto et al., 2006). 

Among the chemical inducible defense mechanisms, we can find mainly the synthesis of 

phytoalexins, the expression of pathogenesis related (PR) proteins and the accumulation of ROS. 

Phytoalexins are a heterologous group of secondary metabolites that show biological activity 

against pathogens. Phytoalexins have been described in many different botanical families such 

as dicots Brassicaceae (e.g., Arabidopsis, rapeseed or cabbage), Fabaceae (e.g., peanut or pea), 

Vitaceae (e.g., vine) or Solanaceae (e.g., tomato or pepper) or monocots Poaceae (e.g., maize or  
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Figure 1.10. Hypersensitive response (HR) and systemic acquired resistance (SAR). 1) The 
recognition of a pathogen effector (E) by a plant resistance protein (R) triggers an increase in cytoplasmic 
Ca2+, ROS, NO and SA. All these signals collectively activate vacuolar processing enzymes (VPEs) which 
will trigger a local and programmed cell death called HR. This HR prevents the proliferation of pathogens. 
Recently, an alternative model has been proposed in which the recognition of an effector protein can 
change the conformation of the R protein and allow its multimerization into “resistosomes” (see figure 
1.7C) which might trigger their HR directly altering the membrane permeability and ion flux. Upon 
recognition, SA is formed which can be transported systemically through the apoplast reaching distal 
tissues where, via NPR1, can trigger SAR. Another SAR-pathway is controlled by azelic acid (AzA), which 
is synthesized upon a NO-ROS feedback loop, and glycerol-3-phosphate (G3P). These two signal 
molecules can be transported through the phloem symplast and reach equally distal tissues where they 
can activate SAR. 
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oat)  (Ahuja, Kissen and Bones, 2012). Often, the molecular mechanisms ruling their regulation, 

biosynthesis and cytotoxicity are unknown. One of best characterized phytoalexin is camalexin, 

which possesses in vitro antimicrobial activity and that is involved in resistance against 

necrotroph pathogens (Kliebenstein, Rowe and Denby, 2005). PR proteins englobes a diverse 

group of proteins that are expressed upon infection. They are grouped into 17 families mainly 

based on their amino acid sequence similarities, enzymatic activities and other biological 

features: antifungal proteins (PR1 and PR17), glucanases (PR2), chitinases (PR3, PR4, PR8 and 

PR11), thaumatin-like proteins (PR5), proteinase inhibitors (PR6), endoproteinases (PR7), 

peroxidases (PR9), ribonuclease-like proteins (PR10), defensins (PR12), thionins (PR13), lipid-

transfer proteins (PR14), oxalate oxidases (PR15) and oxidase-like proteins (PR16) (Sels et al., 

2008). Some PR proteins are actively expressed during infection by biotrophs such as PR1, PR2 

and PR5 while the expression of others is rather induced upon infection by necrotrophs such as 

PR3, PR4 and PR12 (Ali et al., 2018). As previously mentioned, ROS production is one of the 

most rapid signals of pathogen attack and in addition to their role as signaling molecules, ROS 

also possess antimicrobial effects (Heller and Tudzynski, 2011). However, ROS actions are 

complex and not yet fully understood as they depend on the type, timing, concentration and 

interaction with others of each ROS (Hückelhoven and Kogel, 2003). 

Another well-characterized inducible defense mechanism, typically associated with ETI, 

is HR. The term HR refers to a rapid and local cell death in the infection area that prevents totally 

or partially the progression of the infection (Goodman and Novacky, 1994). Although caused 

upon infection, HR is an active form of programmed cell death controlled by the host (Mur et 

al., 2008). HR is a widespread phenomenon found in most higher plants and is induced by all 

kind of pathogens: viruses, bacteria, oomycetes, fungi, nematodes, insects and even parasitic 

plants (Balint-Kurti, 2019). HR is typically triggered upon recognition of the products of a 

pathogen Avr gene and the host R gene following the gene-for-gene model previously described 

(Flor, 1955). Avr genes typically encode effector proteins and R genes, NLRs, although this is not 

always the case (Kourelis and van der Hoorn, 2018). This recognition leads somehow to the 

accumulation of Ca2+, ROS, NO, SA that will in term activate vacuolar processing enzymes 

ultimately leading to tonoplast rupture and subsequent cell death (Mur et al., 2008) (Figure 

1.10). Alternatively, this tonoplast rupture might also be caused by NLR activation and 

oligomerization generating the so-called “resistosome” structures that can be docking sites for 

HR signaling proteins and/or membrane spanning pores as recently reported for the Arabidopsis 

CNL ZAR1 (J. Wang, Hu, Wang, et al., 2019) (Figure 1.7C and 1.10). However, despite being a 
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plant defense mechanisms, HR can be also exploited by necrotroph pathogens as they grow on 

and feed from host dead tissues (Govrin and Levine, 2000; Lorang, 2019). 

1.3.3 “Tell the others to get ready” - Systemic resistance 

Infection of plants by pathogens or the colonization of plant roots by certain microbes 

cause the induction of “priming”, a physiological state in which the whole plant displays an 

either faster, stronger or both, activation of the defense-related cellular processes (Conrath et 

al., 2006). Systemic acquired resistance (SAR) is the plant priming state induced upon local 

infection with a pathogen that confers resistance against a broad spectrum of attackers (Ryals et 

al., 1996). This systemic induction requires the generation and transport through the vasculature 

of certain systemic signal molecules organized in two parallel branches: one regulated by SA 

preferentially transported through the apoplast, and another one regulated by azelic acid (AzA) 

and glycerol-3-phosphate (G3P) transported through the symplast (Singh, Lim and Kachroo, 

2017) (Figure 1.10). SA-dependent SAR, similar to local response SA-mediated defense 

responses, also rely on NPR1 monomerization and nuclear import for functioning (Cao et al., 

1997; Spoel et al., 2009). Aza-G3P-dependant SAR requires a positive feedback loop between NO 

and ROS upon infection that triggers the hydrolysis of unsaturated C18 fatty acids into AzA. Aza 

itself is already a SAR inducer but it also triggers the synthesis of G3P, another SAR inducer (Yu 

et al., 2013; Wang et al., 2014). These signals trigger defense-related responses in distal tissues 

producing thus the priming effect. SAR does not only protect systemically the plant after a 

pathogen attack, but is also epigenetically inherited in the next generation in a SA- and NPR1-

dependent manner through hypomethylation of DNA (Luna et al., 2012). 

The root colonization by non-pathogenic microorganisms can also trigger a priming 

effect through a process called induced systemic resistance (ISR). Similar to SAR, ISR also 

confers resistance against a broad spectrum of pathogen although contrary to SAR, ISR depends 

on the JA and ethylene pathways (Pieterse et al., 2002). Interestingly, although ISR is SA-

independent, it requires NPR1 indicating that NPR1 is able to differentially regulate both SA-

dependent SAR and JA/ethylene-dependent ISR (Pieterse et al., 1998). SAR and ISR act thus 

independently and the simultaneous induction of both have an additive effect potentially 

exploitable for biocontrol (van Wees et al., 2000). In addition to SAR and ISR, other forms of 

plant priming can be achieved chemically with β-aminobutyric acid or certain volatile organic 

compounds released upon herbivory damage (Conrath et al., 2006). 
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1.4. The xylem: a barely frequented meeting point 

While many pathogens are adapted to colonize the relatively nutrient-rich apoplast or 

symplast, some pathogens thrive in the vascular tissues. Plant vasculature is composed of xylem 

vessels, tracheary elements that transport water and mineral absorbed by the roots (xylem sap) 

to the photosynthetic organs, and phloem elements, living cells that transport photoassimilates.  

Paradoxically, although the phloem contain more nutrients, most vascular pathogen colonize 

xylem vessels because phloem living cells present a high osmotic pressure while xylem dead 

tracheary elements present a low osmotic pressure. Still, a few pathogens such as viruses, 

rickettsias, spiroplasmas and phytoplasmas are able to colonize the phloem (Hipper et al., 2013; 

Yadeta and Thomma, 2013). Hereafter, vascular pathogens will refer exclusively to xylem-

colonizing pathogens. 

The xylem structure is determined by the size, shape and distribution of the different 

cell types and respective cell walls that form it. These cells are tracheids and vessel members 

(collectively known as tracheary elements), parenchyma and fibers (Figure 1.11). Tracheary 

elements correspond to the main conductive tissue. Tracheids appear earlier during the plant 

development and function as single cellular units connected through large and radial pits 

whereas vessel elements appear later and are connected end-to-end through large perforations 

in their ends. Mature tracheary elements are dead cells with not cytoplasmic content and consist 

only of a thin primary cell wall and a thickened secondary cell wall. Parenchyma cells are the 

only metabolically active and serve to store water and nutrients. Xylem fibers usually present 

thickened and lignified cell wall and provide additional support (Myburg, Lev-Yadun and 

Sederoff, 2013).  

Nutritionally, xylem sap is relatively poor which could explain why not so many 

pathogens thrive on it although the few that can, do it with almost no competition (McCully, 

2001). Xylem sap is relatively rich in several inorganic anions such as nitrate, sulfate, and 

phosphate as well as in several cations like calcium, potassium, magnesium, and manganese 

(Nakamura et al., 2008). Among its organic composition we can find low concentrations of 

certain amino acids (Ala, Arg, Asp, Glu, Gln, Ile, Leu, Met, Pro, Thr, Tyr and Val), sugars (glucose, 

fructose, mannitol, myo-inositol and sucrose), organic acids (formic, fumaric and succinic acid) 

and alcohols (ethanol and methanol) (Fuente et al., 2017). However, the nature and 

concentration of these metabolites vary among species, seasons, time or growth conditions 

(Siebrecht et al., 2003). In addition to the xylem sap, vascular pathogens can feed from products  
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Figure 1.11. Structure of xylem. (A) Representation of a cross-section of xylem showing tracheids and 
vessel elements interconnected via pits, xylem fibers and parenchyma cells. (B) Micrograph of  a cross-
section of young roots from pea. Xylem vessels in the center are pointed with a green arrow. (C) 
Micrograph from electron microscopy of xylem vessels from a gerbera flower stem fractured in liquid 
nitrogen (bar=5 µm). Adapted from Graf et al., 2015 (A); Spricigo et al., 2015 (B); and Myburg et al., 2013 
(C). 
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of the enzymatic digestion of plant cell walls, invading neighboring parenchyma cells or 

inducing nutrient leakage from surrounding tissues (Divon et al., 2005; Möbius and Hertweck, 

2009; Klosterman et al., 2011). 

Among the pathogens genera that colonize the xylem (and their respective hosts) we can 

find several fungi such as Ceratocystis (oak, cocoa and eucalyptus), Ophiostoma (elm tree), 

Verticillium and Fusarium (broad host range); several bacteria such as Clavibacter (Solanaceae), 

Curtobacterium (beans), Erwinia (cucurbits), Pantoea (cotton), Xanthomonas (Brassicaceae, rice 

and barley), Ralstonia and Xylella (broad host range); and a oomycete genus: Pythium (broad 

host range) (Yadeta and Thomma, 2013) (Figure 1.12). The diseases caused by these pathogens 

are generally quite hard to control: infected plant cannot be treated and need therefore to be 

eradicated, the responsible pathogens produce resting structures able to survive for many years, 

and their broad host range makes classical control measures such as crop rotation inefficient. 

The resting structures in the soil are the desirable target for chemical control, but the ban on 

these measures due to possible public and environmental health problems makes resistance 

breeding the optimal long-term and sustainable control measure (Yadeta and Thomma, 2013). 

Plant defense mechanisms against vascular pathogens might differ from those against 

non-vascular pathogens (van Esse et al., 2009). These defense mechanisms can be structural, 

mainly focused on preventing the pathogen progression, or chemical, mostly dedicated to kill 

the pathogen or inhibit its growth. A classical structural defense mechanisms against vascular 

pathogens is the generation of tyloses,  gel-coated protuberances of xylem parenchyma cells that 

invade and proliferate within tracheary elements through pits blocking thus the spread of 

pathogen (Clérivet et al., 2000; Fradin and Thomma, 2006). Another observed mechanism 

against vascular pathogens is the de novo formation of xylem to compensate the compromised 

water transport (Reusche et al., 2012).  The coating of the vascular wall covering pit membranes, 

primary walls and parenchyma cells around the infected site and adjacent cells is another 

structural defense against vascular pathogens (Rahman, Abdullah and Vanhaecke, 1999). 

AvrAC/XopAC, a T3E from Xanthomonas campestris pv. campestris, is only able to confer 

resistance in Arabidopsis when inoculated in the xylem and not in the mesophyll indicating than 

ETI responses can also occur specifically in the xylem (Xu et al., 2008a). The chemical defense 

mechanisms against vascular pathogens depend on the metabolically active xylem parenchyma 

that pour their content in the xylem sap. Among the substances found in the xylem sap upon  
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Figure 1.12. Plant diseases caused by vascular pathogens. Fungal diseases: (A) Ceratocystis wilt of 
cacao (Ceratocystis cacaofunesta), (B) Verticillium wilt of oilseed rape (Verticillium longisporum), (C) 
Dutch elm disease (Ophiostoma ulmi) and (D) Fusarium wilt of tobacco (Fusarium oxysporum). Bacterial 
diseases: (E) canker of tomato (Clavibacter michiganensis),  (F) bacterial wilt of bean (Curtobacterium 
flaccumfaciens), (G) bacterial wilt of cucumber (Erwinia tracheiphila), (H) boll rot of cotton (Pantoea 
agglomerans), (I) bacterial leaf blight of rice (Xanthomonas oryzae), (J) Banana blood disease (Ralstonia 
syzygii) and (K) Olive quick decline syndrome (Xylella fastidiosa). Oomycete diseases: (L) Root rot of 
poinsettia (Pythium aphanidermatum) and (M) Pythium blight of turf (P. aphanidermatum). Photos 
courtesy of A. von Tiedemann, T.C. Harrington, Ayto. de Aracena, USDA/Clemson U., Heinz, F. 
Mohammadipanah, R. Kolter, E.G. Medrano, N. Cattlin, A. Drenth, J.A. Navas-Cortes, J. Kerns and M. 
Hausbeck. 
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infection there are several peroxidases (Hilaire et al., 2001), PR proteins (Rep et al., 2002), 

phenolic compounds (Báidez et al., 2007), and phytoalexins (Alvarez et al., 2008). 

1.4.1 Suspect #1: Ralstonia solanacearum 

Ralstonia solanacearum is a soilborne and vascular plant pathogenic β-proteobacteria 

responsible for bacterial wilt disease on more than 250 plant species, Moko disease on banana 

and brown rot on potato (Figure 1.13). Due to its lethality, persistence and broad host range and 

geographical distribution, R. solanacearum is the most devastating plant pathogenic bacteria 

(Elphinstone, 2005; Mansfield et al., 2012). R. solanacearum taxonomy is complex and has 

evolved substantially over the last years, reason why the term “R. solanacearum species complex” 

(RSSC) will be used hereafter. 

1.4.1.1 RSSC previous records 

Wilting-causing bacteria where first described in 1896 by Erwin F. Smith  as two different 

species, “Burkholderia solanacearum” and “Pseudomonas solanacearum” that were merged and 

renamed as “Ralstonia solanacearum” a century later (Smith, 1896; Yabuuchi et al., 1995; Kelman, 

1998). Efforts to describe and classify the diversity within the RRSC started with the division of 

the back then P. solanacearum in five races based on their host and five biovars based on their 

sugar/alcohol catabolism (Hayward, 1991). This classification did not reflect properly the RRSC 

phylogeny so a decade later, a classification of the RSSC in four phylotypes was proposed (Fegan 

and Prior, 2005). This classification also reflects the geographical origin as the phylotypes I-IV 

corresponded to RRSC strains isolated mostly in Asia, the Americas, Africa and Japan-Oceania 

respectively.  However, this phylotype classification does not correspond to the host species they 

were isolated from (Lebeau et al., 2011). Thanks to the later availability of sequenced genomes, 

the until then known as R. solanacearum species was split in three new species: R. 

pseudosolanacearum, including former R. solanacearum phylotypes I and III; R. syzygii, 

including phylotype IV; and R. solanacearum, now containing only former phylotype II (Safni et 

al., 2014; Prior et al., 2016). 

The correspondence between phylogeny and geographical distribution suggests that 

geographical isolation has been one of the main driver of RSSC evolution. The reconstruction of 

the RRSC phylogeny revealed that the origin of the RSSC might be in what it is nowadays 

Oceania, where R. syzgii originates. The possible ancestors of what it is today R. 

pseudosolanacearum and R. solanacearum might have diverged from subgroups from this region  
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Figure 1.13. Ralstonia solanacearum species complex (RSSC) bacteria aspect, disease symptoms 
and geographical distribution. (A) RSSC bacteria cultured on TZC agar medium. (B) Micrograph of a 
RSSC bacterium observed with electron microscopy. (C) Scanning electron micrograph of  stem xylem 
vessels colonized by RSSC bacteria from inoculated tomato plants. Bacterial wilting symptoms on tomato 
(D) and tobacco (E). (F) Moko disease of banana. (G) Brown rot of potato. Black arrows point bacterial 
exudate from vascular ring. (H) Bacteria oozing on water from a tomato cut stem. (I) Geographical 
distribution of RSSC according to the Centre for Agricultural Bioscience International (CABI). Red dots 
indicate report of presence of RSSC. Image courtesy of P. Champoiseau (U. Florida) (A); USDA/Clemson 
U (E); and CABI (I). Adapted from Mansfield et al., 2012 (B, D and H); Lowe-Power et al., 2018 (C); Álvarez 
et al., 2015 (F); Popovic et al. 2016 (G). 
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and spread through Austral-Eastern Africa and Madagascar, and South America respectively, 

probably before the separation of Gondwana (Castillo and Greenberg, 2007; Wicker et al., 2012). 

1.4.1.2 RSSC criminal charges 

Bacterial strains from the RRSC are responsible for bacterial wilt on more than 250 

species from both monocot and dicot botanical families, Moko and blood disease on banana and 

brown rot on potato  (Elphinstone, 2005; Peeters, Guidot, et al., 2013). Due to its ability to grow 

in tropical, subtropical and temperate regions, RRSC is worldwide distributed affecting food, 

vegetables and fruit crops in all continents (Hayward, 1991; Janse et al., 1998; Poussier, 

Vandewalle and Luisetti, 1999; Kim et al., 2003; Morais et al., 2015; Safni, Subandiyah and Fegan, 

2018) (Figure 1.13H). Both the broad host range and the geographical distribution hinder the 

accurate estimation of yield losses and thus the evaluation of the corresponding economic 

impact. For potato alone, RSSC is estimated to be responsible for 1 billion dollars worldwide 

annual losses (Elphinstone, 2005). The incidence of the disease is particularly dramatic in 

developing intertropical countries in which RSSC is endemic, but it is also problematic in areas 

in which RSSC has a quarantine status due to its strict regulatory eradication and restriction of 

production on contaminated land (Mansfield et al., 2012). 

Bacterial wilt is characterized by browning of the xylem, foliar epinasty and rapid and 

drastic wilting of the full plant caused by vascular clogging (Figure 1.13). Symptom appearance 

is enhanced by temperature and humidity (Mew, 1977). Another distinctive symptom, often used 

for a quick in situ diagnosis, is the bacterial oozing when an infected tissue is cut (Figure 1.13H). 

Bacterial wilt is particularly devastating on Solanaceae crops such as tomato, tobacco, pepper or 

eggplant; but they are problematic in other crops such as peanut (Yu et al., 2011), ginger (M. Liu 

et al., 2005), clove tress (Safni, Subandiyah and Fegan, 2018), or ornamental plants (Tjou-Tam-

Sin, van de Bilt, Westenberg, Gorkink-Smits, et al., 2017). Although RSSC has been largely 

studied for more than a century now, new host species are still being reported every year (e.g., 

chard, fig tree or roses) (Lin, Chuang and Wang, 2015; Jiang et al., 2016; Tjou-Tam-Sin, van de 

Bilt, Westenberg, Bergsma-Vlami, et al., 2017) indicating an alarming ability of RSSC to jump 

hosts. An increase in plant product trade together with the rapid adaptation potential of RSSC 

can results in major outbreaks (Genin and Boucher, 2004; Tjou-Tam-Sin, van de Bilt, 

Westenberg, Gorkink-Smits, et al., 2017). Model plants Arabidopsis thaliana and Medicago 

truncatula can also be infected by RSSC, what led to the establishment of RSSC as model for 

bacterial-root pathogenesis (Deslandes et al., 1998; Vailleau et al., 2007).  
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Figure 1.14. Life cycle of the Ralstonia solanacearum species complex (RSSC). 1. Bacteria can live 
saprophytically on soil or plant debris from a previous infection even for long periods of time. (a) RRSC 
bacterium observed  by electronic microscopy. 2. Bacteria enter in the root through wound, root tips or 
secondary root emerging points. (b) RRSC bacteria attached to root surface observed by confocal 
microscopy. (c) GFP-tagged RSSC bacteria in tomato roots on the surface of tomato roots. 3. Colonization 
of the xylem and systematic spread of the bacteria produce the characteristic wilting symptoms. (d) 
Bacterial oozing on water from a cut infected stem. (e) Exopolysaccharide secretion at the section of an 
infected tissue. 5. When the water uptake is critically impaired, plants die and the bacteria are released 
back to the soil where they can start a new infectious cycle on a new host. From Genin, 2010. 
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RSSC is also responsible for great losses due to Moko and blood diseases of banana in 

America and Indonesia respectively (Denny, 2007; Safni, Subandiyah and Fegan, 2018). Both 

diseases present relatively similar symptoms: chlorosis and wilting of leaves and premature 

development of fruits which are also internally rotten (Figure 1.12J). Similar to bacterial wilts, 

Moko diseased plants also produce bacterial oozing when an infected stem is cut. RRSC is also 

the causal agent of the black rot of potato, which is an additional symptom to the bacterial 

wilting of potato (Figure 1.13G). A particularity of the potato infection by RRSC is that it can 

occur at lower temperatures than typical RRSC bacterial wilt, as it has been reported in western 

Europe (Janse et al., 1998), or in elevated regions of the Andes (Gutarra et al., 2017). 

As a vascular pathogen, treatment of infected plants is impossible leaving eradication as 

the only solution for diseased plants (Yadeta and Thomma, 2013). As a soilborne pathogen, 

RRSC-infected soils can barely be reused, not even after crop rotation, because of RSSC ability 

survive on soils or in neighboring symptomless hosts (Peeters, Guidot, et al., 2013). Biocontrol 

alternatives could potentially be used against RSSC as shown with certain strains of Ralstonia 

picketti (Wei et al., 2013), Bacillus spp. (Cao et al., 2018; N. Wang, Wang, et al., 2019) or 

Flavobacteria spp. (Kwak et al., 2018); inactivated strains of the RSSC (Hanemian et al., 2013); or 

phagotherapy (Álvarez, López and Biosca, 2019). However, the most efficient control strategy 

remains resistance breeding with examples of gene-for-gene resistance observed in eggplant 

(e.g., PopP2/RE-bw or RipAX2/EBWR9 locus) (Xi’ou et al., 2015; Morel et al., 2018), as well as 

tolerance-associated QTLs in pepper  (Lafortune et al., 2005) or eggplant (Salgon et al., 2017). 

1.4.1.3 RSSC modus operandi 

RSSC bacteria can live saprophytically in the soil or water for long periods of time until 

they make contact with a suitable host (Denny, 2007) (Figure 1.14). After an initial contact, 

RSSC bacteria penetrate the root surface through small wounds or possibly also at the emergence 

points of lateral roots. Then, bacteria progress towards the xylem vessels in a highly directed and 

centripetal manner helped by the cellular collapse of pericycle cells. Once in a xylem vessel, 

RSSC bacteria start to multiply and colonize neighboring vessels by degradation of pit 

membranes. (Digonnet et al., 2012). When the concentration of bacteria is elevated, the xylem 

clogging caused by the bacteria themselves and the EPS they secrete, prevents the plant water 

uptake leading to wilting and eventually death (Lowe-Power, Khokhani and Allen, 2018). The 

death of the host releases the bacteria to the soil, where they can thrive on the resulting debris 

until they find a new host. 
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Figure 1.15. Main virulence determinants of the Ralstonia solanacearum species complex (RSSC). 
The main virulence determinants of RSSC are the EPS, which contribute to xylem clogging and biofilm 
formation. Flagellar and type IV pili-driven motilities are also RSSC virulence determinants. RSSC can 
deploy detoxifying enzymes to avoid the toxicity of certain plant defense compounds. Additionally, RSSC 
can synthesize phytohormones such as auxins and ethylene although their role in virulence is yet poorly 
understood. RSSC also present T2SS and T3SS to secrete and translocate cell wall degrading enzymes and 
effector proteins respectively. Adapted from Büttner and Bonas, 2010; and Genin and Denny, 2012.
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1.4.1.4. RSSC known weapons 

RSSC bacteria display a wide array of virulence factors to facilitate the plant infection: 

production of EPS, motility, detoxification systems, production of phytohormones, secretion of 

CWDEs through the T2SS and translocation of T3Es through the T3SS (Genin and Denny, 2012) 

(Figure 1.15). One of the most important RSSC virulence factors is the secretion of high 

molecular weight EPS as shown by the eps mutant difficulties to wilt the host, even when directly 

inoculated in the xylem (Saile et al., 1997). RSSC motility has also been described as an important 

virulence factor. Flagellar motility is required in the early stages of root colonization, but not 

once the bacteria are located in the xylem (Tans-Kersten, Huang and Allen, 2001). However, 

type-4-pili-driven motility is required for virulence in all infection stages (Kang et al., 2002). To 

overcome the stressful environment generated upon elicitation of plant defenses responses, 

RSSC presents a wide variety of detoxifying systems that include peroxidases (Flores-Cruz and 

Allen, 2009), DNA binding proteins (Colburn-Clifford, Scherf and Allen, 2010), multidrug efflux 

pumps (Brown, Swanson and Allen, 2007), polyphenol oxidases (Hernández-Romero, Solano 

and Sanchez-Amat, 2005), and cytochrome c oxidases (Colburn-Clifford and Allen, 2010). RRSC 

production of auxins and ethylene is regulated by the virulence master regulator HrpG, and in 

the case of ethylene, this production has been observed in planta; however, the impact of this 

production in virulence is not clear as mutants do not necessarily show reduced virulence (Valls, 

Genin and Boucher, 2006; Denny, 2007). RSSC also presents approximately 30 extracellular 

CWDEs (notably cellulases and pectinases) that can be translocated through its T2SS and that 

are also essential for virulence (H. Liu et al., 2005). 

One of the most important and better studied RSSC virulence determinants is the T3SS and 

associated T3Es (Boucher, Barberis and Demery, 1985; Coll and Valls, 2013). RSSC T3SS 

constitutes a “molecular syringae” that crosses both bacterial and plant cell walls and plasma 

membranes and allows the translocation to the plant cell of T3Es synthesized in the bacteria. 

RSSC effectomes (50-70 T3E referred as Ralstonia injected proteins, Rips, per strain) (Sabbagh 

et al., 2019) is considerably larger than those of other Gram-negative plant pathogenic bacteria 

such as X. campestris (15-30 T3Es per strain) (Roux et al., 2015) or P. syringae (30-50 T3Es per 

strain) (Dillon et al., 2019). The distribution of the different Rips in different RSSC strains do not 

reflect a clear association with host adaption, although this is hard to conclude due to the 

unavailability of host compatibility data. Less ambiguous is the association between RSSC 

species and presence of certain of Rips with only 8 of them present in mostly all strains and 14  
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Table 1.3. Characterized effectors from the Ralstonia solanacearum species complex (RSSC). Table 
summarizing the roles of several characterized protein effectors from RSSC. 

Effector Description Host(s) Reference(s) 

RipA (AWR) family Collective contribution to virulence in 

eggplant, tomato and negative contribution to 

virulence in Arabidopsis. 

Arabidopsis thaliana, 

Lycopersicum esculentum, 

Solanum melongena 

Solé  et al.,  2012  

RipA2 Major contribution to virulence in eggplant and 

Arabidopsis and cell death induction in 

Nicotiana spp.  

Arabidopsis thalian, 

Nicotiana spp., Solanum 

melongena 

Solé  et al.,  2012  

RipA5 Cell death induction and inhibition of TOR-

dependent nitrate reductase activity. 

Nicotiana spp. Solé  et al.,  2012 ; 

Popa  et al.,  2016  

RipAA (AvrA) Cell death induction in different Nicotiana spp. 

(major contribution in N. benthamiana and N. 

tabacum). 

Nicotiana spp. Pouemyro  et al.,  

2009 ; Chen  et al.,  

2018  

RipAL Induces JA signaling pathway to suppress SA-

related defenses. 

Nicotiana benthamiana Nakano & Mukaihara  

2018  

RipAX2 (Rip36) Avirulence factor. Solanum melongena, 

Solanum torvum 

Nahar  et al.,  2014 ; 

Morel  et al.,  2018  

RipAY Degradation of plant glutathione and 

suppression of defenses. 

Nicotiana benthamiana Fujiwara  et al.,  2016 ; 

Mukaihara  et al.,  

2016 ; Sang  et al.,  

2018  

RipB Induction of Roq1-mediated ETI. Nicotiana  spp. Nakano  et al.,  2019  

RipF1 (PopF1) Virulence factor in tomato and cell death 

induction in tobacco. 

Lycopersicum esculentum, 

Nicotiana tabacum 

Meyer  et al.,  2006  

RipF2 (PopF2) Cell death induction in tobacco. Nicotiana tabacum  Meyer  et al.,  2006  

RipG (GALA) family Collective contribution to virulence in 

Arabidopsis, tomato and eggplant and 

interaction with ASK proteins.  

Arabidopsis thaliana, 

Lycopersicum esculentum, 

Solanum melongena 

Angot  et al.,  2006 ; 

Remigi  et al.,  2011  

RipG4 Inhibition of callose deposition. Arabidopsis thaliana Remigi  et al.,  2011  

RipG7 Host specificity factor. Medicago truncatula Angot  et al.,  2006  

RipH (HLK) family Collective contribution to virulence in tomato 

and suppression of defenses.  

Solanum lycopersicum Chen  et al.,  2013 ; 

Morel  2018  

RipN Alteration of the plant NADH/NAD+ ratio and 

suppression of defenses.  

Arabidopsis thaliana Yun  et al.,  2019  

RipP1 (PopP1) Cell death induction in different Nicotiana spp. 

(major contribution in N. glutinosa). 

Nicotiana spp. Pouemyro  et al.,  

2009 ; Chen  et al.,  

2018  

RipP2 (PopP2) Acetylation of WRKY transcription factors to 

inhibit defenses and RRS1-R to induce ETI. 

Arabidopsis thaliana Deslandes  et al.,  

2003 ; Tasset  et al.,  

2010 ; Le Roux  et al.,  

2015  

RipR (PopS) Inhibition of SA-dependent defenses. Solanum lycopersicum, 

Solanum tuberosum 

Jacobs  et al.,  2013  

RipTAL (Brg11) Plant EBE binding and induction of synthesis of 

polyamines. 

Arabidopsis thaliana de Lange  et al.,  2013 ; 

Wu  et al.,  2019  

RipTPS Induction of trehalose-6-phosphate in yeast 

and cell death in Nicotiana tabacum. 

Nicotiana tabacum  Pouemyro  et al.,  

2014  
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of them whose distribution matches the RSSC species division (Peeters, Carrère, et al., 2013; 

Sabbagh et al., 2019). Several Rip have been well characterized over the last years and a summary 

of their mode of actions is listed in table 1.3. 

1.4.2. Suspect #2: Xanthomonas campestris pathovar campestris 

Xanthomonas campestris pv. campestris (Xcc), is a seedborne vascular plan pathogenic 

γ-proteobacteria responsible for the black rot of Brassicaceae, the principal yield-limiting and 

destructive bacterial disease of brassica crops worldwide (Mansfield et al., 2012; Vicente and 

Holub, 2013) (Figure 1.16).  

1.4.2.1 Xcc previous records 

The taxonomy of the Xanthomonas genus was initially determined based on descriptive 

characters such as the host specificity, morphological features or biochemical characteristics 

(Bergey et al., 1939; Van den Mooter and Swings, 1990). Years later, thanks to DNA/DNA 

hybridization results, Xanthomonas species were redefined and X. campestris comprised six 

pathovars including the causal agent of black rot of Brassicaceae, Xcc, and five others (aberrans, 

armoraciae, barbareae, incanae and raphani) (Vauterin et al., 1995). Several rearrangements 

among these pathovars were proposed during the following years (Alvarez et al., 1994; Tamura 

et al., 1994; Vicente et al., 2001), but the current consensus is that there are three X. campestris 

pathovars (Fargier and Manceau, 2007): Xc pv campestris, causal agent of black rot of 

Brassicaceae; Xc pv raphani, causal agent of bacterial leaf spot of Brassicaceae; and Xc pv incanae, 

causal agent of  bacterial blight of stock.  

Xcc strains have been differentiated into nine races based on the response on several 

brassica species (Kamoun et al., 1992; Vicente et al., 2001; Fargier and Manceau, 2007). The 

geographical distribution of Xcc races is not clear and is highly dependent of the host cultivated 

but generally, race 1 and 4 strains are more abundant than the rest (Vicente and Holub, 2013). 

Several gene for gene associations has been described and hypothesized to explain this race 

division (Vicente et al., 2001; Fargier and Manceau, 2007; He et al., 2007; Jensen et al., 2010).  

1.4.2.2 Xcc criminal charges 

Xcc presents a relatively narrow host range, limited to certain Brassicaceae species 

including crops (e.g., cabbage, cauliflower, broccoli, radish or mustard), ornamental plants (e.g.,   
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Figure 1.16. Xanthomonas campestris pv. campestris (Xcc) aspect, disease symptoms and 
geographical distribution. (A) Xcc cultured on Yeast Dextrose Calcium Carbonate medium. (B) 
Micrograph of a Xcc bacterium observed with electron microscopy. (C) Scanning electron micrograph of 
an hydathode pore (po) at the surface of a cauliflower leaf. Xcc bacteria are present around and inside the 
pore. (D) Symptoms of black rot on cabbage (D) and broccoli (E). Close-up symptoms of black rot on 
leaves from cauliflower (F) or Arabidopsis thaliana (G). (H) Geographical distribution of Xcc according to 
the Centre for Agricultural Bioscience International (CABI). Red dots indicate report of presence of Xcc. 
Images courtesy of Z. Dubrow (D and F), M. Shurtleff (E), E. Lauber (G) and CABI (H). Adapted from 
Vicente et al., 2013 (A, B); Cerutti et al., 2017 (C).
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flowering kale) and weeds (e.g., pepperweed or swine-cress) (Bain, 1955; Schaad, 1981; Buonaurio 

et al., 2003). It is also able to infect the model plant A. thaliana, allowing to use the Xcc/A. 

thaliana pathosystem as a model for plant pathologists (Buell, 2002; Meyer et al., 2005). Despite 

its relatively narrow host range, limited to just one botanical family, Xcc has been found in all 

continents in which brassica crops are grown (Bradbury, 1986), and it is particularly problematic 

in intertropical developing countries where it is responsible of up to 10-50% yield losses 

(Bradbury, 1986; Massomo, Mabagala, et al., 2004; Singh, Dhar and Yadava, 2011) (Figure 1.16). 

Black rot symptoms and intensity vary considerably depending on the host, age and 

environmental conditions. Infected seedling will develop into stunted plants with dead cell spots 

on the cotyledons that will eventually wilt and die. Older plants present the typical chlorotic 

and/or necrotic V-shaped lesions at the leaf edges, often associated with black veins (Figure 

1.16). Systemically infected plants might show symptoms anywhere in the leaf, or even in other 

organs such as stems or curds (Celetti, 2011). The disease is favored by warm and humid 

environmental conditions and can be rapidly disseminated through rain and irrigation water 

(Williams, 1980), wind (Kuan, Minsavage and Schaad, 1986), or insects (Van Der Wolf and Van 

Der Zouwen, 2010)(Williams, 1980; Kuan, Minsavage and Schaad, 1986; Van Der Wolf and Van 

Der Zouwen, 2010). 

Similar to most vascular pathogens, the treatment of infected plants is impossible 

(Yadeta and Thomma, 2013). The control of the disease relies thus mostly on the use of Xcc-free 

plant material and the eradication of not only infected crop plants but also the surrounding 

weeds that can act as Xcc reservoirs (Williams, 1980; Schaad, 1981). Prophylactic measures to 

control Xcc seed transmission include hot water treatment, but it is not completely efficient and 

under favorable conditions, even low Xcc incidences can result in full epidemics  (Roberts et al., 

1999; Nega et al., 2003). Biocontrol strategies against Xcc have been investigated using 

antagonist strains of Bacillus spp. (Wulff et al., 2002; Massomo, Mortensen, et al., 2004), but 

the most efficient strategy is again resistance breeding. Major resistance genes and QTLs have 

been found in B. rapa or B. carinata, but are scarce in B. oleracea, explaining why black rot is 

particularly devastating on this species (Vicente and Holub, 2013; Singh et al., 2018). 

1.4.2.3 Xcc modus operandi 

Xcc can survive epiphytically on plant debris for long periods of time (Schultz, 

Gabrielson and Olson, 1986; López, Haedo and Méndez, 1999). When Xcc encounters a host, it  
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Figure 1.17. Life cycle of Xanthomonas campestris pv. campestris (Xcc). Bacteria can live 
saprophytically on soil or plant debris for a long period of time until, via wind or water, they reach a 
susceptible host. They enter the internal tissues through wounds or reabsorption of guttation droplets at 
the hydathodes. Once inside the plant they invade the xylem vessel where they multiply producing the 
characteristic chlorotic/necrotic V-shaped lesion. The infection spreads systemically, including 
reproductive organs, leading to the infection of seeds that, in turn, will germinate producing diseased 
plants. Adapted from An et al., 2019. 
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can access the internal tissues by wounds or by the reabsorption of guttation droplets at the 

hydathodes (Russell, 1898; Shigaki, Nelson and Alvarez, 2000; Cerutti et al., 2017) (Figure 1.17). 

These openings provide an easy access to the xylem vessels from where Xcc multiples (Vorhölter, 

Niehaus and Pühler, 2001; Akimoto-Tomiyama, Furutani and Ochiai, 2014). Upon colonization 

of the xylem, Xcc bacteria can spread systemically through the whole plant leading to the above 

mentioned symptoms and ultimately, plant death (Kamoun et al., 1992; Akimoto-Tomiyama, 

Furutani and Ochiai, 2014; An et al., 2019). It is precisely this systemic colonization what allows 

the invasion of reproductive tissues and subsequently, seeds (Van Der Wolf and Van Der 

Zouwen, 2010; Kastelein et al., 2014). These seeds will germinate leading to infected seedlings 

that will equally develop the disease. 

1.4.2.4. Xcc known weapons 

Xcc bacteria present several virulence determinants key for the establishment and 

progression of the infection: synthesis of EPS and lipopolysaccharides (LPS) involved in biofilm 

formation, adhesins, detoxification system, secretion of CWDEs through the T2SS,TonB-

dependent outer membrane transporters (TBDT) and T3SS-dependent translocation of T3Es 

(Qian et al., 2005; Blanvillain et al., 2007; Büttner and Bonas, 2010) (Figure 1.18). Xcc, as most 

Xanthomonas spp., produces the well-characterized EPS xanthan, which is involved in bacterial 

protection due to its consistency (Denny, 1995; Chou et al., 1997; Chan and Goodwin, 1999), 

clogging of the xylem, and suppression of basal defenses probably through chelation of 

apoplastic Ca2+ (Yun et al., 2006; Aslam et al., 2008). In addition to its role in virulence, xanthan 

is also an interesting molecule used as thickening agent in the food, drug and oil industries. 

Another polysaccharide, LPS, are also involved in virulence (Dow et al., 1995). LPS are major 

components of the bacterial cell wall and the genes involved in their synthesis are under strong 

diversifying selection (Lu et al., 2008). This translates in variation in LPS composition which 

presumably affect the bacteria ability to evade plant recognition because, as previously 

mentioned, LPS is also a known PAMP (Dow, Newman and von Roepenack, 2000; Hung, Wu 

and Tseng, 2002). The role of adhesins has been poorly studied in Xcc although in other 

Xanthomonas it is known that both fimbrial and non-fimbrial adhesins present roles in virulence 

(Büttner and Bonas, 2010; Burdman et al., 2011). In Xcc, it has been shown that a mutant from 

the type IV pilus component pilA is moderately impaired in virulence (McCarthy et al., 2008). 

Collectively, EPS, LPS and adhesins contribute to the formation of biofilms, protective and 

attachment matrixes, whose impact on virulence, although proven, is poorly understood  
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Figure 1.18. Main virulence determinants of Xanthomonas campestris pv. campestris (Xcc). The 
main virulence determinants of Xcc are the polysaccharides EPS and LPS and adhesins (type IV pili and 
other fimbrial adhesins), which collectively contribute to the formation of biofilm. Xcc also deploys sugar 
transporters (TBDTs) to optimize the nutrient uptake from poor environments and detoxifying enzymes 
to counter plant chemical defenses. Xcc is also able to secrete cell wall degrading enzymes and effector 
proteins through the T2SS and T3SS respectively. CWDE disrupt the plant cell wall and effector proteins, 
once translocated into the plant cytoplasm, are able to modulate the plant physiology and subvert the 
plant defenses. TBDT: TonB-dependent transporter. EPS: exopolysaccharide, LPS: lipopolysaccharide, 
T3S: type III secretion, OM: Outer membrane, IM: Internal membrane. CW: cell wall and PM: plasma 
membrane. Adapted from Büttner and Bonas, 2010.
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(Stoodley et al., 2002; Büttner and Bonas, 2010). Xcc strains possess several detoxification 

enzymes such as glutathione S-transferases, peroxidases, catalases that can counteract the toxic 

effect of certain plant compounds allowing them to thrive in the plant (Qian et al., 2005). 

Another problem of the plant environment in which Xcc thrives is the low content of assimilable 

nutrients. To maximize the nutrient uptake, Xcc can deploy effective transporters such as certain 

TBDTs that are able to import sucrose or N-acetylglucosamine-containing compounds required 

for  full Xcc virulence (Blanvillain et al., 2007; Boulanger et al., 2014). Xcc presents two different 

T2SSs, xps and xcs, although virulence has been associated to only the xps one (Qian et al., 

2005). This system allows the secretion to the apoplast of CWDEs such as cellulases, 

cellobiosidases, lipases, xylanases, endo-glucanases, polygalacturonases and proteases (Büttner 

and Bonas, 2010). 

As for the RSSC, one of Xcc main virulence determinants is its T3SS and associated T3Es 

(Arlat et al., 1991; Qian et al., 2005; Büttner and Bonas, 2010). As previously mentioned, the 

effectome of Xcc (typically 15-30 T3Es or Xanthomonas outer proteins, Xops, per strain) (Roux 

et al., 2015) is smaller than those of other plant pathogenic bacteria such as P. syringae (30-50 

T3Es per strain) (Dillon et al., 2019) or the RRSC (50-70 Rips per strain) (Sabbagh et al., 2019). 

Only three Xops are present in all strains from all three X. campestris pathovars: XopF1, XopP 

and XopAL1 constituting interesting breeding targets to achieve broad-spectrum protection 

against X. campestris  (Roux et al., 2015). Within the campestris pathovar, the conservation is 

larger with 12 Xops out of the total 26 described in Xcc, present in at least 95% of sequenced 

strains. This indicates that Xcc effectome is highly polymorphic (Guy et al., 2013), similar to 

other Xanthomonas spp. (Cohn et al., 2014), the RSSC (Sabbagh et al., 2019), or P. syringae 

(Dillon et al., 2019). The role of the Xcc Xops characterized up to date is described in table 1.4. 

1.4.3. A déjà vu  

After reading the description of both bacteria, one might have the impression of 

repetition. Indeed, these two species have many aspects in common: they are devastating 

vascular pathogens that cause problems worldwide, particularly in developing countries; 

efficient control measures against them are scarce; they deploy similar virulence determinants; 

or they are  extensively studied pathosystems. Nevertheless, they also present strong differences 

as Xcc is an aerial pathogen while RSSC bacteria are soilborne, their symptoms and host range 

differ substantially or their effectome sizes are quite different. The main similarities and 

differences between these two bacteria are summarized in table 1.5.  
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Table 1.4. Characterized effectors from Xanthomonas campestris pv. campestris (Xcc). Table 
summarizing the roles of several characterized protein effectors from Xcc. 

Effector Description Host Reference(s) 

AvrBs1 Avirulence factor in mustad and HR on 

nonhost pepper.  

Brassica rapa, Capsicum 

annum 

Rongqi  et al.,  2006 ; 

He  et al.,  2007  

AvrBs2 Virulence factor. Raphanus sativus, Brassica 

oleracea 

Rongqi  et al.,  2006  

Tal12a Virulence factor. Brassica oleracea Denancé  et al.,  2018  

Tal15a Virulence factor. Brassica oleracea Denancé  et al.,  2018  

XopAC (AvrAC) Inhibition of PTI (uridylation of BIK1) and 

induction of ETI (uridylation of PBL2 and 

complex formation with RKS1 and ZAR1) 

Arabidopsis thaliana Xu  et al.,  2008 ; 

Feng  et al.,  2012 ; 

Guy  et al.,  2013 ; 

Wang  et al.,  2015 ; 

Wang  et al.,  2019  

XopAH (AvrXccC) Avirulence factor in mustard and induction of 

ABA signaling in Arabidopsis. 

Arabidopsis thaliana, 

Brassica juncea 

He  et al.,  2007 ; Ho  

et al.,   2013  

XopAM Partial avirulence factor. Arabidopsis thaliana Guy  et al.,  2013  

XopD Interaction with DELLA proteins (GA signaling) 

and deSUMOylation of HFR1 

(photomorphogenesis) to promote disease 

tolerance. 

Arabidopsis thaliana Tan  et al.,  2014, 2015  

XopE2 (AvrXccE1) Avirulence factor. Brassica juncea He  et al.,  2007  

XopJ (AvrXccB) Interaction with S-adenosyl-L-methionine-

dependent methyltransferases 1 and 2 (SAM-

MT1 and 2) and suppresses plant basal 

defenses. 

Arabidopsis thaliana Liu  et al.,  2017  

XopL Inhibition of PTI in a MAPK-independent 

manner. 

Arabidopsis thaliana Yan  et al.,  2019  

XopN Virulence factor. Raphanus sativus Jiang  et al.,  2008  
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Table 1.5. Main similarities and differences between the Ralstonia solanacearum species complex 
(RSSC) and Xanthomonas campestris pv. campestris (Xcc). 

Similarities 

Gram-negative plant pathogenic bacteria 

Vascular pathogens (xylem) 

Economic importance (crop diseases) 

Difficult and inefficient control measures 

Tropical and intertropical areas (special incidence in developing countries) 

Worldwide distribution 

Entry through wounds 

Model pathosystems (A. thaliana) 

Easily cultivable in vitro 

Extensive genomic resources (several genomes sequenced) 

R genes discovered (e.g., RRSC rrs1 or Xcc zar1) 

Epiphytic phase with potential long time survival 

Virulence determinants: EPS (biofilm), T2SS (CWDEs), detoxification systems, type IV pili and T3SS (T3Es) 

Highly polymorphic effectome within species 

Differences 

RSSC Xcc 

β-proteobacteria γ-proteobacteria 

Soilborne Seedborne 

Entry through root openings Entry through hydathodes 

Wilting symptoms Localized V-shaped chlorotic/necrotic symptoms 

Broad range (>50 botanical families) Narrow range (Brassicaceae) 

Virulence determinants: motility, phytohormones Virulence determinants: TBDTs 

Large effectome (50-70 Rips/strain) Small effectome (15-30 Xops/strain) 

Quarantine organism No 
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Table 2.1. Orthology relationship between shared T3Es from Xcc8004 and RpsGMI1000. Table 
summarizing the orthology relationship between T3Es from Xcc8004 and RpsGMI1000 (blastp E-value < 10-20) 
as defined by full-length protein sequence blastp querying the full effectome of Xcc8004 against the full 
effectome of RpsGMI1000. 

Xcc  

T3E 

Xcc8004 

accession 

Rps 

T3E 

RpsGMI1000 

accession 

blastp 

E-value 
Identity 

Query 

coverage 

XopAG XC_0563 RipO1 RSp0323 7.5 · 10 -149 46.4% 88.2% 

XopQ XC_3177 RipB RSc0245 8.2 · 10 -130 47.4% 94.1% 

XopP XC_2994 RipH1 RSc1386 4.1 · 10 -93 34.6% 80.9% 

  RipH2 RSp0215 1.0 · 10 -77 29.9% 96.1% 

  RipH3 RSp0160 4.0 · 10 -110 35.8% 84.6% 

XopAM XC_3160 RipR RSp1281 5.8 · 10 -96 27.2% 76.7% 

HrpW XC_3023 RipW RSc2775 1.3 · 10 -64 47.9% 71.7% 

XopG XC_0967 RipAX1 RSc3290 2.1 · 10 -21 48.3% 88.8% 

  RipAX2 RSp0572 2.0 · 10 -21 44.4% 96.9% 
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As previously mentioned, the T3SS and associated T3Es are among the most important 

virulence factors of both Xcc and the RSSC. Despite their differences in effectome size and 

composition (Guy et al., 2013; Sabbagh et al., 2019), reference strains Ralstonia 

pseudosolanacearum (Rps) GMI1000 and Xcc 8004 share nine Rps T3Es corresponding to six 

Xcc T3Es (Table 2.1). This provides a valuable opportunity for comparative studies and opens 

several questions: 1) Do orthologous T3Es in these two species work similarly? 2) What are the 

roles of these evolutionary conserved T3Es in these two vascular pathogens? In order to answer 

these questions, an integrated approach combining protein-protein interaction screenings, 

physiological analyses of transgenic plants, genetic screens and classical reverse genetics 

approaches was conducted aiming at identifying “biologically relevant” interactors of these 

shared T3Es, focusing on Arabidopsis thaliana, a common host of both pathogens. 

The results of this thesis are structured in four parts: chapter 3 to chapter 6. In chapter 

3, the results of two large-scale yeast two-hybrid screenings that allowed the identification of 

putative Arabidopsis targets of Xcc8004 and RpsGMI1000 T3Es are presented and discussed. These 

results served to compare the effector targeting profiles of Xcc and Rps to those of previously 

screened pathogens (Mukhtar et al., 2011; Weßling et al., 2014). These meta-analyses together 

with the interactive knowledge database generated to explore them (EffectorK, available at 

www.effectork.org), are presented under the form of article draft. In chapter 4, results on the 

determination of the effects of individual T3Es using bacterial mutants and heterologous 

expression in model plants A. thaliana and Nicotiana benthamiana are presented and discussed. 

Chapters 5 and 6 present the results concerning the functional characterization of the most 

promising candidates. Chapter 7 will summarize and integrate the main conclusions discussed 

throughout the different results chapters as well as provide with some hints for the future and 

analyze the contribution of the present work to the global picture. 

  

http://www.effectork.org/
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Chapter 3 

Identification of plant targets of type III 

effectors from R. pseudosolanacearum 

and X. campestris pv. campestris   
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3.1 Introduction 

This first chapter of results compiles all the work related to the identification and 

characterization of Arabidopsis targets of T3Es from Xcc8004 and RpsGMI1000. To this end, several 

large-scale yeast two-hybrid screenings were conducted similarly to what had been previously 

done for other plant pathogens such as Pseudomonas syringae, Hyaloperonospora arabidopsidis 

or Glovinomyces orontii (Mukhtar et al., 2011; Weßling et al., 2014). For this reason, in addition 

to providing biologically relevant information for the Xcc and Rps pathosystems, our results can 

also be integrated into a larger Arabidopsis-effector interactomic dataset for further meta-

analyses. This allowed us to extract general conclusions about how plant pathogen effectors 

interfere with the host proteome and motivated us to generate a public and interactive 

knowledge database to centralize and make accessible not only our results but also most 

published Arabidopsis-effector interactomic data. This first part is presented in the form of a 

research article. In a second part of the chapter, I will present the targets of Xcc8004 and RpsGMI1000 

T3Es identified in our screenings with a special focus on the common targets of these two 

pathogens. In the last part, I will present the first results on the characterization of the role of 

some of the common targets of Xcc8004 and RpsGMI1000 in plant immunity. 

3.2 EffectorK, a comprehensive resource to mine for 
Ralstonia, Xanthomonas, and other published effector 
interactors in the Arabidopsis proteome 

Contribution 

The first part of this chapter, corresponding to the article, was a team effort involving 

not only the host Laboratory of Plant-Microbe Interactions, but also the Institute of Plant 

Sciences at Paris Saclay; University of Alabama at Birmingham and Carleton College at 

Northfield. This work started with two large-scale yeast two-hybrid screenings performed at the 

InterATOME platform of the Institute of Plant Sciences at Paris Saclay. The first screening, with 

28 T3Es from Xcc8004, was performed prior to my arrival whereas the second one, with 50 T3Es 

from RpsGMI1000, was conducted during my PhD. My contribution to this second screening was 

the preparation and quality check of the samples as well as cloning of some recalcitrant samples. 

Regarding “EffectorK”, the public database generated during this work, I contributed to the 

feeding and updating of the server. I also performed an extensive literature review to compile 

and integrate most published Arabidopsis-effector interactomic data. Regarding the article, I 

conducted all the analyses presented and wrote the original draft. 
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Research article 

The article “EffectorK, a comprehensive resource to mine for Ralstonia, Xanthomonas, 

and other published effector interactors in the Arabidopsis proteome” was published in 

Molecular Plant Pathology (submission date: 25/03/2020; acceptance date: 26/05/2020). The 

research article, as published (doi: 10.1111/mpp.12965), is attached. 
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Abstract
Pathogens deploy effector proteins that interact with host proteins to manipulate 
the host physiology to the pathogen's own benefit. However, effectors can also be 
recognized by host immune proteins, leading to the activation of defence responses. 
Effectors are thus essential components in determining the outcome of plant– 
pathogen interactions. Despite major efforts to decipher effector functions, our cur-
rent knowledge on effector biology is scattered and often limited. In this study, we 
conducted two systematic large-scale yeast two-hybrid screenings to detect interac-
tions between Arabidopsis thaliana proteins and effectors from two vascular bacte-
rial pathogens: Ralstonia pseudosolanacearum and Xanthomonas campestris. We then 
constructed an interactomic network focused on Arabidopsis and effector proteins 
from a wide variety of bacterial, oomycete, fungal, and invertebrate pathogens. This 
network contains our experimental data and protein–protein interactions from 2,035 
peer-reviewed publications (48,200 Arabidopsis–Arabidopsis and 1,300 Arabidopsis–
effector protein interactions). Our results show that effectors from different species 
interact with both common and specific Arabidopsis interactors, suggesting dual roles 
as modulators of generic and adaptive host processes. Network analyses revealed 
that effector interactors, particularly “effector hubs” and bacterial core effector in-
teractors, occupy important positions for network organization, as shown by their 
larger number of protein interactions and centrality. These interactomic data were 
incorporated in EffectorK, a new graph-oriented knowledge database that allows 
users to navigate the network, search for homology, or find possible paths between 
host and/or effector proteins. EffectorK is available at www.effec​tork.org and allows 
users to submit their own interactomic data.
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2  |     GONZÁLEZ-FUENTE et al.

1  | INTRODUC TION

Plants are continuously confronted with a wide variety of patho-
gens, including bacteria, oomycetes, fungi, nematodes, and insects. 
To prevent their proliferation, plants have evolved a complex multi-
layered immune system (Jones and Dangl, 2006). Plants are able to 
recognize highly conserved pathogen-associated molecular patterns 
(PAMPs) through pattern-recognition receptors triggering induced 
defence responses collectively known as PAMP-triggered immunity 
(PTI) (Zipfel, 2014). These responses are usually enough to prevent 
most potential invaders; however, some pathogens secrete effector 
proteins to subvert the defence responses and alter diverse cel-
lular processes to ease their proliferation (Ma et al., 2018). Plants, 
moreover, have evolved several intracellular nucleotide-binding site- 
leucine-rich repeat (NBS-LRR) receptors recognizing these effec-
tors and activating potent defence responses collectively known as  
effector-triggered immunity (ETI) (Cui et al., 2015).

Although the interactors and molecular functions of some ef-
fectors have been characterized (Büttner, 2016; Giron et al., 2016; 
Sharpee and Dean, 2016; Vieira and Gleason, 2019), for most effec-
tors they are still unknown. The main factors complicating the large-
scale identification and characterization of effector–host protein 
interactions are the wide diversity of pathosystems, the difficulty 
in identifying bona fide effector genes, the collective contribution 
of effector proteins, the complexity of the host responses, and the 
lack of robust high-throughput techniques. For the model species 
Arabidopsis thaliana (Ath), to our knowledge, there are only two 
studies in which systematic effector–host protein interactions at the  
effectome-scale have been identified (Mukhtar et al., 2011; Weßling 
et al., 2014). In these studies plant interactors of effector proteins 
from Pseudomonas syringae (Psy, bacterium), Hyaloperonospora ara-
bidopsidis (Hpa, oomycete), and Glovinomyces orontii (Gor, fungus) 
were identified by yeast two-hybrid (Y2H) assays. They reported 
that the effectors of these species converged onto a limited set of 
Ath proteins. These studies also demonstrated that many effector 
interactors are important for plant immunity and showed that their 
importance correlates with the level of effector convergence.

Bacterial wilt, caused by Ralstonia pseudosolanacearum (Ralstonia 
solanacearum phylotype I, Rps), and black rot, caused by Xanthomonas 
campestris pv. campestris (Xcc), are listed among the top 10 scientifi-
cally and economically important plant bacterial diseases (Mansfield 
et al., 2012). Both Rps and Xcc are xylem-colonizing bacteria able 
to infect the model plant Ath (Deslandes et al., 1998; Buell, 2002). 
They both rely on their type III secretion system for full virulence 
(Arlat et al., 1991, 1992). This “molecular syringe” allows the patho-
gen to deliver type III effector proteins (T3Es) directly into the host 
cell in order to promote disease. The roles of several of their T3Es 
have been characterized (White et al., 2009; Coll and Valls, 2013), 
but most knowledge on T3E functions comes from the study of Psy, 

which resides on leaf surfaces and in the leaf apoplast (Lindeberg 
et al., 2012; Büttner, 2016). Focusing mainly on a few species offers 
a partial view of effector biology. It is therefore crucial to expand our 
studies to other species to grasp the existing diversity of effector 
proteins and pathogen lifestyles.

To obtain a deeper understanding of the global Ath–effector 
protein interactome, we conducted three systematic large-scale 
screenings with T3Es from Rps and Xcc, the first vascular pathogens 
screened in this manner. Additionally, we conducted an extensive 
literature survey to gather published Ath interactors of effector pro-
teins from pathogens from four different kingdoms of life: Bacteria, 
Chromista, Fungi, and Animalia. Combining all these data allowed 
us to identify 100 new “effector hubs” (i.e., Ath proteins interacting 
with two or more effectors). Together with Ath–Ath protein interac-
tions retrieved from public databases, we generated an Ath–effector 
protein network that captures the wide diversity of Ath pathogens. 
This network allowed us to detect general trends of effector inter-
ference with the host proteome. We have created a publicly avail-
able interactive knowledge database called EffectorK (for Effector 
Knowledge) that allows users to access and augment this network.

2  | RESULTS

2.1 | Systematic identification of Arabidopsis 
interactors of R. pseudosolanacearum and 
X. campestris effectors

Three Y2H screenings were performed to identify Ath interactors 
of Rps and Xcc effector proteins. In a first screening, we identified 
42 Ath interactors for 21 out of 56 T3Es from Rps strain GMI100 
screened against a library of more than 8,000 full-length Ath cDNAs 
(8K space). The choice of the 56 Rps T3Es was guided by the available 
clones at the time of screening. In the second and third screenings, 
we identified 176 Ath interactors for 32 out of 48 T3Es from Rps 
strain GMI1000 and 52 Ath interactors for 18 out of 25 T3Es from 
Xcc strain 8,004 screened against an extended version of the previ-
ous library containing more than 12,000 Ath full-length cDNAs (12K 
space) (Figure S1 and Table S1). Here the choice of Rps T3Es was 
constrained by a pool maximum imposed by the screening method 
(see Materials and Methods). T3Es were picked according to their 
highest degree of conservation within the species complex (Peeters 
et al., 2013). On average, 10.7 and 5.7 Ath interactors were found 
per Rps and Xcc T3E. These Ath cDNA libraries had been previously 
used to test interactions with 57 and 32 effector proteins from Hpa 
and Psy, respectively, (8K space) and 46 effector proteins from Gor 
(12K space) (Mukhtar et al., 2011; Weßling et al., 2014). The subset 
of interactions of effectors from Rps, Xcc, and Gor in the 8K space 
was used to compare with previously published Hpa and Psy data 
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(Figure 1). In general, Rps effectors interacted on average with more 
Ath proteins than the other screened species; however, this differ-
ence is only statistically significant when compared to Gor effectors 
(one-tailed Wilcoxon signed-rank test p  <  .001). These data show 
that effector proteins from these five different species, on average, 
tend to interact with a similar number of Ath proteins regardless of 
kingdom, life style, or effectome size.

2.2 | Effectors converge onto a limited set of 
Arabidopsis proteins

We compared the Rps and Xcc effector interactors identified in our 
screenings with the interactors previously identified for Hpa, Psy, 
and Gor effector proteins (Mukhtar et al., 2011; Weßling et al., 2014). 
To avoid bias related to the size of the screened library, we consid-
ered only the subset of effector interactors present in the 8K space 
(Figure S2). At the kingdom level, Bacteria was the kingdom with the 
highest number of kingdom-specific interactors, with 158 exclu-
sive interactors out of a total of 217 interactors (72.8%), followed 
by Chromista, with 31 out of 117 (51.7%), and Fungi, with 16 out 
of 45 (35.6%). In total, 235 out of 299 effector interactors (78.6%) 
were kingdom-specific. At the species level, when comparing all five 
pathogens, the percentage of species-specific interactors was 58.9% 
for Psy, 58.7% for Rps, 51.7% for Hpa, 48.8% for Xcc, and 35.6% for 

Gor. The total number of species-specific effector interactors was 
221 out of 299 (73.9%). These data show that most effector interac-
tors are kingdom- and species-specific.

To evaluate whether Rps and Xcc effectors interact randomly or 
converge onto a common set of Ath proteins we performed simula-
tions rewiring effector–Ath protein interactions within the 8K space. 
In these simulations, each effector was assigned randomly as many 
Ath proteins as it had interacted with in our screenings. Then, the 
number of interactors found on all simulations was plotted and com-
pared with the experimental data (Figure 2a). The number of effector 
interactors observed in our screenings was significantly lower than 
the numbers obtained in the random simulations for both Rps and 
Xcc. Similar results had been reported for effectors from Hpa, Psy, 
and Gor (Mukhtar et al., 2011; Weßling et al., 2014). This shows that, 
similarly to other species, both Rps and Xcc effectors also interact 
with a common subset of Ath proteins (i.e., intraspecific convergence).

These random rewiring simulations also allowed us to determine 
whether effectors from different species interact randomly or con-
vergently with Ath proteins. For this, the number of common inter-
actors of effectors from different species was compared with the 
experimental data (Figure 2b). When comparing all three kingdoms, 
the number of common interactors observed was significantly higher 
than expected by random rewiring. We then analysed all possible bi-
nary, ternary, quaternary, and quinary combinations of species and 
in all cases the number of common interactors observed was higher 
than expected randomly (Figure 2c). These differences were all sta-
tistically significant except for the common interactors of effectors 
from Psy and Xcc (p = .058; Figure S3). This could indicate that these 
two species are the most different in terms of effector targeting. 
However, considering that Psy and Xcc are precisely the two species 
with the lowest number of effectors for which interactors have been 
identified (Psy: 32 and Xcc: 18 effector proteins), it is likely that the 
high p value is caused by the limited sample size. This shows that 
effectors from all these five species interact with a common subset 
of Ath proteins (i.e., interspecific convergence).

Altogether, our data indicate that Rps and Xcc effectors con-
verge both intra- and interspecifically onto a set of limited Ath pro-
teins, behaving similarly to effectors from other previously screened 
pathogen species. This suggests the existence of a convergent set 
of effector interactors common to evolutionarily distant pathogens 
that might have a predominant role in the general modulation of the 
host responses.

2.3 | Manual curation of the literature to compile 
Arabidopsis–effector protein interactions

In order to gather more knowledge on Ath–effector protein in-
teractions, we conducted an extensive literature search compiling 
data from a wider spectrum of bacterial, fungal, oomycete, and 
invertebrate effector proteins. We only considered published di-
rect protein–protein interactions that had been confirmed by clas-
sic techniques such as Y2H, co-immunoprecipitation, pull-down, 

F I G U R E  1   Arabidopsis thaliana (Ath) degree of effector proteins 
from Glovinomyces orontii (Gor), Hyaloperonospora arabidopsidis 
(Hpa), Pseudomonas syringae (Psy), Xanthomonas campestris 
pv. campestris (Xcc), and Ralstonia pseudosolanacearum (Rps). 
Comparison of the Ath degree (i.e., number of Ath interactors per 
effector) of effector proteins from Gor, Hpa, Psy, Xcc, and Rps 
found in the 8,000-Ath-cDNA collection (8K space). Horizontal 
black bars represent the median. Colours represent the kingdom 
(orange: Fungi, yellow: Chromista, and blue: Bacteria)
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F I G U R E  2   Effectors converge intra- and interspecifically onto a common set of Arabidopsis thaliana (Ath) proteins. (a) Left: random and 
intraspecific convergent interactions of effectors (purple squares) with Ath proteins (green circles) can be distinguished by random network 
rewiring and simulation. Adapted from Weßling et al. (2014). Middle and right: number of Ath interactors in the 8K space of effectors from 
Xanthomonas campestris pv. campestris (Xcc) strain 8,004 and Ralstonia pseudosolanacearum (Rps) strain GMI1000 found in 10,000 degree-
preserving simulations (grey) versus the observed number (red arrow). (b) Left: random and interspecific convergent interactions of effectors 
from different species (purple and orange squares) with Ath proteins (green circles) can be distinguished by random network rewiring and 
simulation. Right: number of common Ath interactors in the 8K space of effectors from Chromista, Bacteria, and Fungi found in 10,000 
simulations (grey) versus the observed number (red arrow). (c) Scatterplot of observed versus simulated number of common Ath interactors 
between all binary, ternary, quaternary, and quinary combinations of species. x = y regression is represented with a dashed grey line
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protein-fragment complementation, fluorescence resonance en-
ergy transfer, or mass spectrometry. We compiled 287 interac-
tions found in 80 peer-reviewed publications involving 218 Ath 
proteins and 72 effectors from 22 pathogen species (Table  S2). 
Among these 22 pathogens, there were nine bacterial species, 
mostly proteobacteria but also a phytoplasma species; eight in-
vertebrate species, including both nematodes and insects; four 
oomycete, and one fungal species. While this collection of spe-
cies does not represent the full diversity of Ath pathogens, it cov-
ers the majority of pathogens for which effector interactors have 
been reported. We can see that, despite being one of the major 
pathogen classes, few studies have described fungal effector in-
teractors. This illustrates one of the current gaps in our knowledge 
of effector interactors in Ath.

2.4 | Identification of one hundred new “effector 
hubs”

To compare experimental and published data, we combined all the 
interactions curated from the published data together with data 
from our large-scale Y2H screenings. This resulted in a total of 
564 different Ath proteins interacting with pathogen effectors. 
Our screenings on Rps and Xcc effectors identified 235 interac-
tors. Similar published screenings on Psy, Gor, or Hpa effectors 
had identified 200 interactors (Mukhtar et al., 2011; Weßling et al., 
2014). The literature curation allowed us to identify 218 effector 
interactors. From the 235 Rps and Xcc effectors interactors found 
in our screening, 166 were new, which represents 29.4% of the 
total interactors compiled in this study (Figure 3). This highlights 
the potential of such systematic and high-throughput large-scale 
screenings in identifying novel effector interactors. The average 
effector degree (i.e., the number of effectors interacting with a 
given Ath protein) was 2.3 but it was unevenly distributed among 
the 564 interactors, with 350 of them interacting with only one ef-
fector (62%) and 14 interacting with more than 10 effectors (2.5%) 
(Figure S4). The contribution of our experimental data was impor-
tant in the identification of single interactors as we identified 93 
out of the 350 (26.6%). More remarkable was the contribution in 
the identification of “effector hubs,” defined here as Ath proteins 
interacting with two or more effectors (Figure 4). The definition 
of “hub” has been debated and it has been traditionally associ-
ated with proteins that are highly connected in interactomic net-
works (Vandereyken et al., 2018). Our definition of “effector hub” 
came from the need to designate the Ath proteins that interact 
with several effectors and is based exclusively on the number of 
interacting effector proteins. We identified 100 new effector hubs 
and increased the degree of 42 previously described effector hubs 
(Table S3).

To evaluate the potential relevance of the newly identified effec-
tor hubs in plant immunity, we conducted a second literature survey 
to check if the corresponding Ath genes had previously reported 
functions in plant immunity or in pathogen fitness in planta (Table 1). 

Sixteen out of the 100 new effector hub genes have already been 
described for their altered infection or other immunity-related phe-
notype when mutated, silenced or overexpressed. Additionally, 
the orthologs of three other new hubs in other plant species also 
produced altered infection phenotypes when silenced or overex-
pressed. A total of 19 out of the 100 newly identified effector hubs 
have already been shown to be involved in biotic stress responses. 
Considering that many of the remaining newly defined effector hubs 
have been poorly characterized (e.g., hypothetical proteins or de-
scriptions based on homology or belonging to a protein family), it is 
likely that the number of effector hubs involved in immunity was un-
derestimated. This constitutes a valuable source of novel candidates 
for further functional characterization.

In terms of organism of origin, most of the 564 interactors are 
bacterial effector interactors, as could be expected considering 
that 132 out of the 266 total effectors compiled came from bac-
teria (Figure S4). In the case of effector hubs, it is noteworthy that 
133 out of the 214 hubs described in this work interact with ef-
fectors from a single kingdom while there are only 64, 16, and one 
hubs interacting with effectors from two, three or four different 
kingdoms, respectively (Table S3). Although biased by the struc-
ture of the data, this could suggest kingdom specificity of effector 
targeting.

F I G U R E  3   Overlap among effector interactors depending on 
the origin of the data set. Area-proportional Venn diagram showing 
the overlap among effector interactors identified in the large-
scale yeast two-hybrid (Y2H) screenings performed in this study, 
in similar large-scale Y2H already published, and in the manual 
curation of the literature. The total number of effector interactors 
coming from each dataset is indicated in parentheses
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2.5 | Construction of an interaction network 
involving Arabidopsis and effector proteins

We constructed an Ath–effector protein interaction network com-
piling the previously described experimental and literature-compiled 
data with Ath–Ath protein interactions from public databases and the 
literature (Stark et al., 2006; Dreze et al., 2011; Orchard et al., 2014; 
Smakowska-Luzan et al., 2018). From the total of 49,500 interactions 
compiled in this study, 48,597 were grouped into a single connected 
component constituting what we defined as our Ath–effector inter-
actomic network (Table S4). This network was constituted of 47,314 
Ath–Ath and 1,283 Ath–effector protein interactions between 8,036 
Ath proteins and 245 effector proteins. Effectors came from 23 dif-
ferent species, including bacteria (128 effectors), oomycetes (61 ef-
fectors), fungi (46 effectors), and invertebrates (10 effectors). The 
uneven distribution of effectors among kingdoms highlights the con-
tribution of the large-scale screenings in the identification of effector 
interactors as 1,002 out of 1,283 Ath–effector protein interactions 
came from either our experimental data or previous screenings of 
the same library (Mukhtar et al., 2011; Weßling et al., 2014).

2.6 | Effector interactors tend to occupy key 
positions in the Arabidopsis–effector protein 
interaction network

To further investigate the potential impact of effectors on the plant 
interactome, we evaluated the importance of their interactors for the 
organization of the network. We focused on two main network to-
pology parameters: “degree” and “betweenness centrality” (Figure 4). 
The “degree” of a protein represents the number of proteins that it 
interacts with. In this study we differentiated two types of degrees 
depending on the nature of the interacting proteins: the Ath degree 
of a given effector or Ath protein (i.e. the number of interacting Ath 
proteins) and the effector degree for a given Ath protein (i.e. the num-
ber of interacting effector proteins). The “betweenness centrality” of 
a protein is the fraction of all shortest paths connecting two proteins 
from the network that pass through it. There are two main types of 
key proteins in a network (Li et al., 2017): (a) proteins important for 
local network organization, typically showing high degree, and (b) pro-
teins important for the global diffusion of the information through the 
network, characterized by high betweenness centrality. It had been 
previously reported in more limited networks that effectors tend 
to interact with host proteins with high degree and high centrality 
(Memišević et al., 2015; Li et al., 2017; Ahmed et al., 2018). We then 
analysed whether this was the case in our network comparing effector 
interactors with the rest of the Ath proteins (Figure 5). The fraction of 
proteins decreased rapidly as the Ath degree increased. This indicates 
that most Ath proteins present low Ath degree and only a few of them 
show high Ath degree values. This tendency was significantly shifted 
towards higher Ath degree values in effector interactors compared to 
the rest of Ath proteins. To represent this tendency shift we estimated 
and compared the area under the curve values of the cumulative dis-
tribution of the Ath degree for effector interactors and the rest of Ath 
proteins (Table 2). Effectively, the area under the curve value of effec-
tor interactors was higher than the value of the rest of the Ath pro-
teins. This indicates that effector interactors present generally higher 
Ath degree than the rest of the Ath proteins. Similarly, we compared 
the betweenness centrality of these two groups of proteins (Table 2 
and Figure S5). Effector interactors also presented significantly higher 
betweenness centrality values than the rest of the Ath proteins. 
Altogether, these results indicate that effectors preferentially interact 
with Ath proteins that are more connected to other Ath proteins and 
that occupy more central positions in the interactomic network as re-
ported for smaller networks (Li et al., 2017; Ahmed et al., 2018).

2.7 | Effector hubs are better connected and 
more central than single effector interactors in the 
Arabidopsis–effector interaction network

We then wanted to test if the Ath degree and betweenness centrality 
values differed among distinct types of effector interactors (Table 2 and 
Figure S5). First, we compared multipathogen and pathogen-specific 
interactors as previously described (Figure S2). Multipathogen effector 

F I G U R E  4   Network topology parameters. Example of a 
simple interactomic network of three effector proteins (purple 
squares) and nine Arabidopsis thaliana (Ath) proteins (green circles) 
to illustrate our definition of “effector hub” (i.e., Ath protein 
interacting with two or more effectors; highlighted in red) and 
the three network topology parameters analysed in this study. 1, 
Effector degree: number of effectors that interact with a given Ath 
protein; 2, Ath degree: number of Ath proteins that interact with a 
given effector or Ath protein; 3, Betweenness centrality: fraction 
of all shortest paths connecting two proteins from the network that 
pass through a given protein
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TA B L E  1   List of 19 new effector hubs involved in plant immunity

Effector hub Protein name
Effector 
degreea  Description of observed phenotype Reference

AT1G58100 TCP domain protein 8 (TCP8) 13 Triple tcp8 tcp14 tcp15 mutant showed enhanced 
Pseudomonas syringae strain DC3000 ∆avrRps4 
growth

Kim et al. (2014)

AT1G71230b  COP9-signalosome 5B (CSN5B) 8 Wheat TaCSN5 mutant showed enhanced disease 
symptoms caused by Puccinia triticina

Zhang et al. (2017)

AT3G12920 BOI-related gene 3 (BRG3) 7 brg3 mutant showed increased Botrytis cinerea 
lesion size

Luo et al. (2010)

AT5G08330b  TCP domain protein 21 
(TCP21)

7 Rice OsTCP21 silenced and overexpressing 
plants showed enhanced and reduced disease 
symptoms caused by rice rust stunt virus (RRSV), 
respectively

Zhang et al. (2016)

AT5G61010 Exocyst subunit EXO70 family 
protein E2 (EXO70E2)

6 exo70e2 mutant showed reduced flg22-induced 
callose deposition.

Redditt et al. (2019)

AT4G00270 STOREKEEPER-related 1 
(STKR1)

6 STKR1 overexpressing plants showed reduced 
Hyaloperonospora arabidopsidis spore formation

Nietzsche et al. (2018)

AT3G01670 SIEVE ELEMENT OCLUSSION-
related 2 (SEOR2)

4 Myzus persicae feeding from seor2 mutant showed 
reduced progeny

Anstead et al. (2012)

AT5G17490 RGA-like protein 3 (RGL3) 3 rgl3 mutant showed reduced P. syringae growth and 
increased SA content upon infection

Li et al. (2019)

AT3G54230 Suppressor of abi3-5 (SUA) 3 sua mutant showed enhanced P. syringae growth 
and reduced chitin-induced ROS production

Zhang et al. (2014)

AT3G11410 Protein phosphatase 2CA 
(PP2CA)

3 pp2ca mutant showed reduced P. syringae 
colonization and stomatal aperture. PP2CA 
overexpressor showed enhanced stomatal 
aperture

Lim et al. (2014)

AT2G17290 Calcium-dependent protein 
kinase 6 (CPK6)

3 Double cpk5-cpk6 mutant showed enhanced 
P. syringae growth and reduced flg22-induced 
ROS production

Boudsocq et al. (2010)

AT5G41410b  Homeobox protein BEL1 
homolog (BELL1)

3 Rice OsBIHD1 mutant and overexpressing plants 
showed increased and reduced Magnaporthe 
oryzae lesion area, respectively

Liu et al. (2017)

AT4G26750 LYST-interacting protein 5 
(LIP5)

2 lip5 mutant showed enhanced P. syringae growth 
and disease symptoms and reduced endosomal 
structure formation upon infection

Wang et al. (2014)

AT4G35090 Catalase-2 (CAT2) 2 cat2 mutant showed increased ROS accumulation 
upon infection with incompatible P. syringae strain

Simon et al. (2010)

AT3G02870 Inositol-phosphate 
phosphatase (VTC4)

2 vtc4 mutant showed reduced P. syringae growth Mukherjee et al. (2010)

AT5G53060 Regulator of CBF gene 
expression 3 (RCF3)

2 rcf3 mutant showed reduced percentage of 
diseased plants and higher percentage of plant 
survival upon Fusarium oxysporum infection

Dagdas et al. (2016)

AT3G02540 RAD23 family protein C 
(RAD23C)

2 rad23BCD mutant (and not rad23BD) did not 
show Candidatus Phytoplasma-induced flower 
virescence and phyllody

MacLean et al. (2014)

AT5G38470 RAD23 family protein D 
(RAD23D)

2 rad23D mutant did not show flower virescence 
and phyllody upon transgenic expression of 
C. phytoplasma SAP54 effector

MacLean et al. (2014)

AT2G37630 Asymmetric leaves 1 (AS1) 2 as1 mutant showed reduced lesion size caused by 
B. cinerea and Alternaria brassicicola and enhanced 
Pseudomonas fluorescens and P. syringae growth

Nurmberg et al. (2007)

aRanked in decreasing order. 
bOrthologous gene in other plant species, as defined by EnsemblPlants (Kersey et al., 2018), characterized for a role in immunity. 
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interactors presented significantly higher Ath degree and betweenness 
centrality compared to pathogen-specific effector interactors. We also 
compared effector hubs with single effector interactors. Similarly, ef-
fector hubs also showed higher betweenness centrality and Ath degree 
than single effector interactors. This last observation implies that an 
Ath protein that interacts with several effectors tends also to interact 
with more Ath proteins. To evaluate whether this is biologically relevant 
or a bias of the “stickiness” of a protein, we compared the Ath and ef-
fector degree values of all effector interactors. Our results showed that  
these two parameters are not correlated (Pearson correlation coef-
ficient  =  0.3221; Figure S6). This suggests that effector hubs inter-
act with more Ath proteins than single effector interactors and that 
this is not due to a higher stickiness of these proteins. Altogether, 
these results show that the general tendencies of effector interac-
tors (i.e. more connected to other Ath proteins and more central in 
the Arabidopsis–effector interaction network) are stronger among ef-
fector hubs compared to single interactors, and among multipathogen 
effector interactors compared to pathogen-specific interactors. This 
reflects the importance of interfering with key position proteins for 
the modulation of host–pathogen interactions.

2.8 | Bacterial core T3Es interact with more 
connected and central Ath proteins

Our work on Rps and Xcc together with previous work on Psy T3Es 
(Mukhtar et al., 2011) provided a large amount of interactomic data 

F I G U R E  5   Ath degree of Ath proteins interacting or not with 
effectors. Cumulative distribution of Ath degree of Ath proteins 
interacting (orange) or not (purple) with effectors. The significance 
of the difference was validated by one-tailed Wilcoxon signed-
rank test. The illustration in the upper right corner represents 
each compared group. Effectors are represented by squares, Ath 
proteins by circles and the colour code matches the cumulative 
distribution graph

Area under the curvea  Figureb  p valuec 

Effector interactors Other Ath proteins

Ath degree 2,737 1,010 5 <.0001

Betweenness centrality 0.23 0.033 S5A <.0001

Multipathogen effector interactors Pathogen-specific effector interactors

Ath degree 5,344 1,790 S5B <.0001

Betweenness centrality 0.657 0.136 S5C <.0001

Effector hubs Single effector interactors

Ath degree 4,067 1,810 S5D <.0001

Betweenness centrality 0.407 0.118 S5E <.0001

Bacterial core T3Es Rest of bacterial T3Es

Ath degree 656 712 S7A 0.4571

Betweenness centrality 0.072 0.074 S7B 0.9198

Bacterial core T3E interactors Other bacterial T3Es interactors

Effector degree 347 123 S7C <.0001

Ath degree 3,610 2,714 S7D 0.0131

Betweenness centrality 0.369 0.239 S7E 0.0007

aEstimated area under the curve of the cumulative distribution of Ath degree, effector degree, and betweenness centrality for each group of proteins 
as represented in Figures 5, S5, and S7. Estimation based on numerical integration using Simpson's rule. 
bFigure illustrating the cumulative distribution graphic from which the areas under the curve compared were calculated. 
cOne-tailed Wilcoxon signed-rank test p value of the comparison of the Ath degree, effector degree or betweenness centrality values of all proteins 
from each compared group. 

TA B L E  2   Cumulative Ath and effector degrees and betweenness centrality of different groups of effector interactors
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on bacterial pathogen species for which other resources have been 
generated, particularly in terms of abundance and diversity of se-
quenced genomes and thus curated T3E repertoires (Lindeberg et al., 
2012; Guy et al., 2013; Peeters et al., 2013; Roux et al., 2015; Dillon 
et al., 2019; Sabbagh et al., 2019). The most conserved set of T3Es, or 
“core effectome,” from each of the three bacterial species has been 
previously defined (Guy et al., 2013; Dillon et al., 2019; Sabbagh et al., 
2019). We then tested whether these subsets of T3Es behaved dif-
ferently from the rest of bacterial T3Es in terms of interaction with 
host proteins (Table 2 and Figure S7). Our data showed that core and 
variable T3Es from the three species do not differ in Ath degree nor 
betweenness centrality. We then tested if there were any differences 
between the network properties of the interactors of core T3Es and 
the other bacterial T3E interactors. Core T3Es interactors showed 
higher effector degree, Ath degree, and betweenness centrality than 
the rest of interactors of bacterial T3Es. This suggests that, although 
core T3Es in general do not have more interactors than the rest of 
bacterial T3Es, they do interact with more highly connected and 
central Ath proteins. This might imply that core T3Es have a larger 
potential to interfere with the host interactome, which could explain 
the selective pressure to maintain them in the majority of strains.

2.9 | EffectorK, an online interactive knowledge 
database to explore the Arabidopsis–effector 
interactomic data

In order to facilitate the access and exploration of all the data pre-
sented in this work, we have generated EffectorK (for “Effector 
Knowledge”), an interactive web-based knowledge database freely 
available at www.effec​tork.org. The latest version (2 October 2019) 
contains 49,875 interactions for 8,617 proteins coming from 2,035 
publications. Of these, 1,300 are Ath–effector protein interac-
tions. Searches can be done based on a wide range of supported 
identifiers such as different protein names, NCBI or TAIR acces-
sion numbers, PubMed identifiers, and InterPro terms. Additionally, 
users can also query nucleotide or amino acid sequences directly 
with BLAST or use accession numbers from other model and crop 
plants to find homologs within the database. All proteins found by 
query are then listed in tabular format and hyperlinked to the cor-
responding interactomic data, external resources, and amino acid 
sequences. Interactomic data for a given protein can be then ex-
plored and downloaded in tabular or graphical format. The graphical 
representation of the interactomic data depicts proteins interacting 
with other proteins as nodes interconnected by edges (Figure 6). The 
size of a node is proportional to the number of interacting proteins, 
whereas the thickness of an edge represents the confidence of the 
interaction (i.e. whether the interaction has been detected by one 
[narrow] or several independent [thick] techniques). This visual inter-
face allows users to expand or re-centre a local subnetwork based 
on a given protein, get information and access to external resources 
linked to either a protein (node) or an interaction (edge), or modify 
the layout and the position of the elements for optimal visualization. 

Additionally, EffectorK also allows users to find the shortest paths 
between two queried proteins in the network.

In order to update, expand, and further improve EffectorK, we 
encourage users to submit their own interactomic data by filing in 
and sending a dedicated template available on the site. These data 
will be verified by the curator team prior to their incorporation in the 
database. More information about usage, content, and data submis-
sion is accessible online, under the tabs “Help” and “Contribute” of 
the database web server. Please contact us if you have any question 
or suggestions by email via contact@effectork.org.

3  | DISCUSSION

In this study we identified systematically Ath interactors of effectors 
from the vascular bacterial pathogens Rps and Xcc. We combined 
this information with other Ath interactors identified in similar ex-
perimental setups. Additionally, we conducted an extensive litera-
ture review to gather published Ath interactors of effectors from a 
wide variety of pathogens, including other bacterial species and also 
oomycete, fungal, and invertebrate pathogens. Studying this com-
bined interactomic dataset allowed us to identify new trends of how 
effectors interfere with the plant proteome and evaluate whether 
previously described network principles were still supported on a 
wider scale. We showed that there are no substantial differences in 
terms of connectivity among the effectomes of five different patho-
gen species screened systematically (Figure 1). We have reinforced 
previously described intra- and interspecific convergence of effector 

F I G U R E  6   Graphical representation of interactomic data on 
EffectorK. Graphical representation of interactomic data from Xcc 
effector XopAC (AvrAC). XopAC, in purple, interacts with 36 Ath 
proteins, in green (only 12 shown for better visualization). The size 
of a protein node is proportional to its degree (e.g. CSN5B interacts 
with 50 proteins, BIK1 with six, and APK1A only with XopAC). The 
thickness of the connecting edges indicates the level of confidence: 
narrow edges represent physical interaction detected by only 
one technique, whereas thick edges indicate that the interaction 
has been detected by at least two independent techniques 
(e.g. XopAC interaction with BIK1 has been detected by co-
immunoprecipitation and pulldown assays, whereas the interaction 
with APK1A, only by Y2H)

http://www.effectork.org
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targeting with effectors from two new species (Mukhtar et al., 2011; 
Weßling et al., 2014), and showed at the same time that most effector 
interactors are pathogen specific (Figure 2 and S2). Our analyses also 
supported the previously described tendency of effectors to interact 
with plant proteins better connected and central in the network (Li 
et al., 2017; Ahmed et al., 2018), and showed that this tendency is 
even stronger among effector hubs, multipathogen interactors, and 
bacterial core T3E interactors (Table 2 and Figure S5).

3.1 | The balance between interactor specificity and 
convergence

Our data showed that most effector interactors were pathogen- 
specific (Figure S2) but at the same time effectors converge inter-
specifically onto a small subset of Ath proteins (Figure 2B,C). These a 
priori contradictory observations pose an interesting question: what 
is the balance between the specificity and convergence of effector in-
teractors? At this point, it is impossible to assert whether this specific-
ity is merely caused by the limited number of pathogens screened at 
the effectome-scale or if it is a reflection of the different and unique 
ways that each pathogen has evolved to interfere with the host physi-
ology and immunity. This issue can only be addressed by increasing 
the number of pathogen effectors screened thoroughly and at a large 
scale. Comparing large datasets of effector interactors of a wider 
and more diverse set of pathogens would allow evaluating where the 
balance is between specificity and convergence: (a) If the interactor 
specificity decreased, it would mean that the effectomes from the 
different pathogens tend to interact similarly with the host proteome. 
This was the case when we compared the percentage of species- 
specific interactors of effectors from Hpa, Psy, and Gor that passed 
from being 73.9%, 64.9%, and 46.7% in previous works (Mukhtar et al., 
2011; Weßling et al., 2014), to 51.7%, 58.9%, and 35.6%, respectively, 
in the present study (Figure S2). Nevertheless, a total of five screened 
species is probably not powerful enough to sustain this claim. (b) If, 
in contrast, the interactor specificity increased with the number of 
screened species, it would mean that the different pathogens have 
evolved unique ways to modulate the interaction with the host. If this 
were the case, deeper analyses comparing related pathogens (e.g. 
species with similar lifestyle or from the same kingdom) could allow 
identifying trait-specific interactors (e.g. effector interactors exclu-
sive among vascular pathogen effectors). In any case, to better under-
stand the similarities and particularities on how effectors modulate 
host processes, it is essential to increase the number of pathogen spe-
cies screened for effector interactors at the effectome-scale.

3.2 | Large-scale screenings fill the gap in the 
identification of effector interactors

Including manually curated data from literature has allowed us to 
broaden significantly the diversity of plant pathogen species com-
pared to similar studies. However, 346 out the 564 described 

Arabidopsis effector interactors have been identified exclusively 
through large-scale Y2H screenings against partial libraries of Ath 
cDNAs. As with any other large-scale screening, the technical limi-
tations together with the incompleteness of the library might have 
led to an underestimation of the plant–effector interactome of the 
five screened species (Brückner et al., 2009). The relatively small 
overlap between the large-scale Y2H screenings and manually cu-
rated literature data sets might be a consequence of this limitation 
(Figure 3). This small overlap illustrates the current knowledge gap 
in the characterization of the full plant interactome of pathogen ef-
fectors. Extensive work will be required to characterize further ef-
fector–host protein interactions in other pathosystems. As one of 
the simplest yet powerful high-throughput techniques for protein– 
protein interaction detection, our work, like others before, highlights 
the potential of such large-scale Y2H screenings in the identification 
of novel effector interactors in an easy, cheap, and systematic manner.

3.3 | EffectorK, an entry point to explore and make 
sense of plant–effector interactomics

To conclude, our work also provides valuable resources for the 
plant–pathogen interaction community. We described 540 new 
Ath–Rps and Ath–Xcc effector protein interactions that allowed us 
to identify 166 new effector interactors (Table S1). We also manu-
ally curated several publications to assemble a collection of 287 
Ath–effector protein interactions from a wide variety of patho-
gens (Table S2). All this allowed us to identify 100 novel effector 
hubs (Table S3). The contribution to plant immunity of these effec-
tor hubs has been described for 19 of them, but remains untested 
for the majority (Table 1). This constitutes a list of promising can-
didates for further functional characterization. All these data were 
integrated in EffectorK, a knowledge database where users can 
have easy access to the Ath–effector protein interactions and ex-
plore the resulting interactomic network visually and interactively. 
While major efforts were made to capture the maximal diversity 
on the pathogen side, we limited our work to the Arabidopsis plant 
model. Thanks to the built-in homology search tools available, 
users can also use their own data as query regardless of the spe-
cies studied. It is therefore feasible to use EffectorK as a starting 
point to build on and extend to crop plant–effector protein inter-
actomics. In the long term, these data could be exploited to bet-
ter understand how pathogens interact with these crops with the 
prospect of selecting breeding candidates for improved tolerance 
or resistance against pathogens.

4  | E XPERIMENTAL PROCEDURES

4.1 | Cloning of Rps and Xcc T3E genes

All the cloning of the T3E genes from Rps and Xcc was performed 
by BP gateway BP or TOPO cloning (Thermo Fisher Scientific, 
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Waltham, MA, USA) to generate pENTRY plasmids, which were later 
transferred into the appropriate Y2H plasmids (Mukhtar et al., 2011) 
using the LR gateway reaction (Thermo Fisher Scientific). Table S5 
contains all the PCR primers and final plasmid identities describing 
the collection of plasmids used in this study. Gene sequence infor-
mation from Rps strain GMI1000 (GenBank accessions: NC_003295 
and NC_003296) (Salanoubat et al., 2002) can be obtained from 
www.ralst​o-T3E.org (Sabbagh et al., 2019) and from the published 
genome of Xcc strain 8,004 (NC_007086) (Qian, 2005).

4.2 | Y2H screenings

The Y2H screening was performed in semi-liquid (“8K space” screen-
ing) and liquid (“12K space” screening) media as recently reported 
(Monachello et al., 2019), which is an adaptation of a previously de-
veloped Y2H-solid pipeline (Dreze et al., 2010). In both protocols the 
same low copy number yeast expression vectors and the two yeast 
strains, Saccharomyces cerevisiae Y8930 and Y8800, were used. The 
expression of the GAL1-HIS3 reporter gene was tested with 1 mM 
3AT (3-amino-1,2,4-triazole, a competitive inhibitor of the HIS3 gene 
product) unless described otherwise. Prior to Y2H screening, DB-X 
strains were tested for auto-activation of the GAL1-HIS3 reporter 
gene in the absence of AD-Y plasmid. In case of auto-activation, DB-X 
were physically removed from the collection of baits and screened 
against the (DB)-Ath-cDNA collections using their AD-X constructs. 
Briefly, DB-X baits expressing yeasts were individually grown (30 °C 
for 72 hr) in 50-ml polypropylene conical tubes containing 5 ml of 
fresh selective media (Sc−leucine, Sc−Leu). Pools were created by 
mixing a maximum of 72 and 50 individual bait yeast strains for the 
“8K space” and “12K space”, respectively. Subsequently, 120 and 
50 µl of these individual pools were plated into 96-well and 384-well 
low-profile microplates for Ath-cDNA “8K space” and “12K space” 
collections, respectively. Glycerol stocks of the (AD)-Ath-cDNA “8K 
space” and “12K space” collections were thawed, replicated by hand-
picking or using a colony picker Qpix2 XT into 96-well and 384-well 
plates filled with 120 and 50 µl of fresh selective media (Sc−trypto-
phan, Sc−Trp), respectively, and incubated at 30 °C for 72 hr. Culture 
plates corresponding to the DB-baits pools and AD-collection were 
replicated into mating plates filled with YEPD media and incubated 
at 30 °C for 24 hr. In liquid Y2H case (“12K space” screening), mat-
ing plates were then replicated into screening plates filled with 50 µl 
of fresh Sc−Leu−Trp−histidine + 1 mM 3AT media and incubated at 
30 °C for 5 days. In order to identify primary positives, the OD600 
of the 384-well screening plates was measured using a microplate 
reader Tecan Infinite M200 PRO (Tecan, Männedorf, Switzerland). In 
semi-liquid Y2H case (“8K space” screening), mated yeast were spot-
ted onto Sc−Leu−Trp−histidine + 1 mM 3AT media agar plates, and 
incubated at 30 °C for 3 days. Protein pairs were identified by de-
pooling of DB-baits in a similar targeted matricial liquid or semi-liquid 
assays in which all the DB-baits were individually tested against all 
the previously identified AD-proteins. Identified pairs were picked 
and checked by PCR and DNA sequencing.

4.3 | Database content and manual curation

Binary interactions between Ath proteins with each other and with 
pathogen effector proteins were compiled on tabular form keeping 
track of the protein names and accessions, species and ecotypes/
strains of origin, techniques used to detect the interactions and 
the reference. Ath–Ath protein interactions were compiled from 
the Arabidopsis Interactome (Dreze et al., 2011; Smakowska-
Luzan et al., 2018) and the public databases BioGrid (www.thebi​
ogrid.org [Stark et al., 2006], downloaded in September 2019) and 
IntAct (www.ebi.ac.uk/intact [Orchard et al., 2014], downloaded 
in September 2019). We only kept the direct interactions with the 
evidence codes “co-crystal structure,” “FRET” (fluorescence reso-
nance energy transfer), “PCA” (protein-fragment complementa-
tion assay), “reconstituted complex” or “two-hybrid” on BioGrid 
and “physical association” on IntAct. Ath–effector protein inter-
actions were gathered from our experimental Y2H data together 
with the similarly produced data on Hpa, Psy, and Gor effectors 
(Mukhtar et al., 2011; Weßling et al., 2014). In addition, an exten-
sive keyword search on effector–Arabidopsis literature was done 
to retrieve interactions from 80 published articles. A confidence 
level was assigned to each interaction depending on the number of 
independent techniques used in a publication for validation: “1” if 
the interaction was detected by only one technique and “2” if the 
interaction was validated by at least a second technique. Some in-
teractions lacked important information but, in order to maximize 
the extent of our network, several assumptions were taken in-
stead of discarding useful data. First, gene models for Ath proteins 
were rarely mentioned on publications so we assumed the first 
gene model available on the latest version of the Arabidopsis ge-
nome (Araport11 (Cheng et al., 2017)). Second, when the ecotype/
strain of the organism was not explicitly stated, a generic “NA” (not 
available) was assigned.

4.4 | In silico analysis

4.4.1 | Computational simulations of random 
targeting of Ath proteins by single pathogen effectors 
(intraspecific convergence)

Significance of the intraspecific convergence was tested, comparing 
our experimental data with random simulations as previously pub-
lished (Weßling et al., 2014). Briefly, for each effector of Xcc and Rps 
we assigned randomly the same number of Ath interactors as experi-
mentally observed from the degree-preserved list of 8K proteins. 
The distribution obtained from 10,000 simulations was plotted and 
compared to the experimentally obtained data. The p value of the 
experimental data were calculated as follows: number of simulations 
where the number of interactors is lower than or equal to experi-
mentally observed is divided by the number of simulations. When 
the number of simulations with fewer interactors than observed was 
zero, the p value was set to <.0001.

http://www.ralsto-T3E.org
http://www.thebiogrid.org
http://www.thebiogrid.org
http://www.ebi.ac.uk/intact
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4.4.2 | Computational simulations of random 
targeting of Ath proteins by several pathogen 
effectors (interspecific convergence)

The significance of the interspecific convergence was tested by 
comparing our experimental data and previously published data 
with random simulations as published (Mukhtar et al., 2011; Weßling 
et al., 2014). Briefly, for each effector of all compared pathogens 
we assigned the same number of Ath interactors as experimentally 
observed/published from the list of 8K proteins. The distribution 
obtained from 10,000 simulations was plotted and compared to ex-
perimentally and published data. The p values of the experimental 
data were calculated as follows: number of simulations where the 
number of common interactors between species was higher or equal 
than the experimentally observed is divided by the number of simu-
lations. When the number of simulations with more common inter-
actors than observed was zero, the p value was set to <.0001.

4.4.3 | Overlap of effector interactors

The overlap of effector interactors from the different datasets was 
calculated without limiting the screening space. For representation 
of the data, Venn diagrams were generated using the Venn Diagrams 
tool from VIB-UGent Center for Plant Systems Biology (www.bioin​
forma​tics.psb.ugent.be/webto​ols/Venn/). The overlap of effector 
interactors from the different datasets were calculated not limiting 
to any limited space. For an area-proportional representation of the 
data, a Venn diagram was generated using BioVenn (Hulsen et al., 
2008).

4.4.4 | Network topology analyses

The topology parameters of the Ath–effector interactomic net-
work were calculated on Cytoscape 3.7.2 (Shannon, 2003). Our 
analyses focused on two key node parameters: degree and be-
tweenness centrality. The degree of a protein is a measure of its 
connectivity and denotes the number of proteins interacting with 
it. Throughout this work, we have differentiated two kinds of de-
grees: (a) effector degree (i.e. number of interacting effector pro-
teins) and (b) Ath degree (i.e. number of interacting Ath proteins). 
The betweenness centrality measures the proportion of shortest 
pathways between two proteins that passes through a given node. 
These parameters were compared against different subsets of 
data and statistical tests were performed in R language (R Core 
Team, 2019). The cumulative distributions of these parameters 
among different subset of data were plotted and the area under 

the curve was estimated using Simpson's rule with the “Bolstad2” 
package (Bolstad, 2009).

4.5 | Database construction

The databases were built using the software architecture recently 
described (Carrère et al., 2019). The files submitted by the curator 
team were automatically checked for typographic mistakes using ad 
hoc Perl scripts and loaded into a Neo4J database and indexed in an 
ElasticSearch search engine. Each release was rebuilt from scratch. 
Data were made accessible through a web interface (see Results and 
Discussion) built on Cytoscape.js library (Franz et al., 2016). The raw 
data used for the database setup are available in the “Data” section 
of www.effec​tork.org and the source code is available at https://
frama​git.org/LIPM-BIOIN​FO/KGBB.
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Ath degree (i.e., number of Ath targets per effector) in the in the 12,000 (12K space, light blue) and

8,000 Ath cDNA collections (8K space, dark blue) of T3E proteins from Rps strain GMI1000 (A) and

Xcc strain 8004 (B). For Rps strain GMI1000: in the first screening RipA3, RipAA, RipAB, RipAC,

RipAG, RipAL, RipAM, RipAN, RipAO, RipAP, RipAQ, RipAR, RipAZ1, RipB, RipBA, RipG3,

RipG4, RipG6, RipG7, RipH2, RipH3, RipI, RipK, RipM, RipN, RipO1, RipP1, RipQ, RipR, RipS2,

RipS6, RipT, RipTPS, RipX and RipZ were screened but no targets were found. In the second

screening RipAB, RipAC, RipAI, RipAX1, RipAY, RipBM, RipC1, RipE1, RipH1, RipN, RipR,

RipS4, RipU, RipX and RipZ were screened but no targets were found, and RipAN and RipM could

not be screened because of recalcitrant problems with yeast transformation. For Xcc strain 8004:

AvrXccA2, HpaA, HrpW, XopAN, XopN and XopQ were screened but no targets were found, and

AvrBs2, XopAH, XopAL2, XopD and XopE2 could not be screened because they showed

autoactivation in yeast.
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Venn diagrams showing the overlap among Ath targets found in the 8,000-Ath-cDNA collection (8K

space) of effector proteins from Hpa, Psy, Gor, Rps and Xcc at the kingdom (A) and species level (B). The

total number of effector targets for each kingdom/species is indicated in brackets.
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significance of the differences were evaluated by one-tailed Wilcoxon signed-rank test. The illustration
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squares, Ath proteins by circles, numbers represent different pathogens species and the color code

matches the respective cumulative distribution graph. The estimation of the area under the curve of each

distribution is compiled in Table 2.
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S7 Fig. Degrees and betweenness centrality of bacterial core and non-core T3Es and their targets.

Cumulative distribution of Ath degree (A and D), effector degree (C) and betweenness centrality (B and

D) for bacterial core T3Es (yellow) and other bacterial T3Es (cyan) (A and B) and their targets (brown

and blue respectively) (C-E). The significance of the differences were evaluated by one-tailed

Wilcoxon signed-rank test. The illustration in the upper right corner of each graph represents each

compared group: bacterial T3Es are represented by squares, Ath proteins by circles and stars represents

bacterial core T3Es. The estimation of the area under the curve of each distribution is compiled in Table

2.
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Table 3.1. Gene ontology (GO) enrichment test of the 12,000 cDNA-library. GO enrichment test of 
the 12,000-cDNA library used in the large-scale yeast two-hybrid screenings performed to identify targets 
of Xanthomonas campestris pv. campestris and Ralstonia pseudosolanacearum type III effectors. The full 
Arabidopsis protein-coding genome was used as reference. 

GO class GO term a Fold change b P-value c 

Biological process Response to light stimulus 1.55 4.23 · 10-9 

Biological process Oxoacid metabolic process 1.56 2.11 · 10-14 

Biological process Response to inorganic substance 1.61 7.69 · 10-16 

Biological process Response to temperature stimulus 1.6 3.29 · 10-9 

Biological process Response to oxidative stress 1.64 1.94 · 10-6 

Biological process Peptide metabolic process 1.56 1.18 · 10-6 

Biological process Response to abscisic acid 1.53 5.49 · 10-6 

Cellular component Ribonucleoprotein complex 1.51 1.03 · 10-8 

Cellular component Cytosol 1.61 3.27 · 10-72 

Cellular component Chloroplast stroma 1.72 2.21 · 10-19 

Cellular component Chloroplast envelope 1.66 6.42 · 10-14 

Cellular component Organelle subcompartment 1.53 1.82 · 10-12 

a Only GO terms associated with a minimum of 500 genes (~ 2% of reference list) in the reference list 

were considered and hierarchically presented (i.e., when multiple related terms are significant, only the 
most specific is shown). 
b Only fold changes inferior to 0.5 or superior to 1.5 are shown. 
c P-value Bonferroni corrected for multiple testing. Only P-values inferior to 10-3 are shown. 

 

 

 

Table 3.2. Gene ontology (GO) enrichment test of the 209 putative targets of T3Es from Xcc8004 
and RpsGMI1000. GO enrichment test of the 209 putative targets (52 putative targets of Xcc T3Es and 176 
putative targets of Rps T3Es) identified in our two large-scale yeast two-hybrid screenings. The 12,000 
cDNA-library was used as reference.   

GO class GO term a Fold change b P-value c 

Biological process Regulation of biological process 1.8 5.19 · 10-5 

Molecular function Protein binding 2.26 8.32 · 10-15 

Molecular function DNA-binding transcription factor activity 2.43 1.92 · 10-3 

Cellular component Nucleus 1.62 1.9 · 10-11 

a Only GO terms associated with a minimum of 240 genes (~ 2% of reference list) in the reference list 

were considered and hierarchically presented (i.e., when multiple related terms are significant, only the 
most specific is shown). 
b Only fold changes inferior to 0.5 or superior to 1.5 are shown. 
c P-value Bonferroni corrected for multiple testing. Only P-values inferior to 10-3 are shown.
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3.3 Rps and Xcc share 19 putative Arabidopsis targets 

The 52 putative targets of Xcc8004 T3Es and the 176 putative targets of RpsGMI1000 T3Es 

identified in our large-scale yeast two-hybrid screenings using the 12,000 Arabidopsis cDNA 

library (12K space) are presented in tables A.1 and A.2 respectively. In order to extract some 

preliminary conclusions about them, gene ontology (GO) enrichment tests were performed. As 

the cDNA library used for the screenings comprises only around 40% of the total proteome-

coding genome, a first enrichment test was performed to check whether there could be any 

initial composition bias of the library (Table 3.1). All the small biases observed were linked to 

overrepresentation of certain GO terms and never due to underrepresentation, and the fold 

change values were not particularly high (highest value = 1.72). According to these results, the 

composition of the cDNA library does not entail any strong biological bias besides the evident 

partiality. 

A second enrichment test was then performed combining the 209 putative T3E targets 

identified (52 from Xcc8004 T3Es and 176 from RpsGMI1000 T3Es) and using the 12K space as 

reference (Table 3.2). The only GO terms associated with biological processes that were 

enriched were unspecific terms such as “regulation of biological process” (GO ID: 0050789) 

which did not provide biologically relevant information. More informative were the enriched 

GO terms associated with molecular functions: “protein binding” (GO ID: 0005515) or “DNA-

binding transcription factor activity” (GO ID: 0003700); or cellular components:  “nucleus” (GO 

ID: 0005634). This suggests that Xcc and Rps T3Es targets tend to interact with other proteins 

and that many of them present nuclear localization and transcription factor activity. As key 

regulators of gene expression, transcription factors are ideal targets for modulation of the host 

cellular processes. Besides this slight enrichment in transcription factors, no other general 

effector targeting tendencies could be extracted from the enrichment test, probably due to the 

small sample size. 

Crossing the lists of putative targets of T3Es from Xcc8004 and from RpsGMI1000, 19 common 

targets were found (Table 3.3). Among these 19 common targets, nine were also common to 

other pathogen effectors (Agrobacterium tumefaciens, Glovinomyces orontii, Hyaloperonospora 

arabidopsidis or Pseudomonas syringae) whereas ten were exclusive to Xcc and Rps T3Es. This 

indicates that more than half of the common putative effector targets of these two species could 

be considered as exclusive to these two vascular pathogens. Whether this relatively high 

specificity of effector targeting is linked to the lifestyle or is an artifact from the low number of  
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Table 3.3. Common putative targets of T3Es from Xcc8004 and RpsGMI1000. 

Accession Gene symbol and description Degree a Interacting 
Xop(s) b 

Interacting 
Rip(s) b 

Other interacting effector(s) c Immune 
phenotype d 

Reference(s) 

AT1G13320 (PP2AA3) Protein phosphatase 
2A subunit A3 

3 XopAC, XopJ       RipAJ  - - - 

AT1G22920 (CSN5A) COP9 signalosome 5A 37 XopAC       RipAJ, RipO1 (Atu) VirE3, (Hpa) ATR1, ATR13, HARXL10, 
HaRxL145, HARXL16, HARXL62, HARXL68, 
HARXL69, HARXLL108, HARXLL445, 
HARXLL445_A, HARXLL445_B, HaRxLL518, 
(Psy) AvrB1, AvrB2, AvrB4-1, AvrPto1, AvrPto5, 
AvrRpm1, HopAO1, HopAR1, HopAT1, HopBF1, 
HopF3, HopO1-2, HopP1, (Gor) OEC21, OEC25, 
OEC61, OEC67, OEC70, OEC71, OEC78, OEC85, 
OEC89 

EDR to Hpa. Mukhtar et al. 2011 

AT1G25490 (RCN1) Roots curl in NPA 1 7 XopAC       RipAJ  (Hpa) ATR1, HaRxL145, HARXL16, (Gor) OEC119, 
OEC70 

Impaired in 
stomatal 
closure. 

Saito et al. 2008 

AT1G71230 (CSN5B) COP9 signalosome 5B 8 AvrBs1, XopAC, 
XopG, XopK      

RipAJ, RipAM, 
RipBJ, RipO1 

- - - 

AT2G45680 (TCP9) TCP domain protein 9 15 XopAL1, XopK       RipAE, RipAJ, 
RipAK, RipAW, 
RipG4, RipO1, 
RipP2 

(Gor) OEC27, OEC39, OEC49, OEC67, OEC70, 
OEC76 

EDS to Psy. Wang et al. 2015 

AT3G08530 (CHC2) Clathrin heavy chain 2 11 XopL, XopR       RipAD, RipAE, 
RipP2 

(Hpa) ATR13, HARXL73, HaRxLL515, (Gor) 
OEC45, OEC63 

EDR to Gci. Wu et al. 2015 

AT3G12920 (BRG3) BOI-related gene 3 7 XopAC, XopAG, 
XopAL1      

RipA1, RipAE, 
RipO1, RipV1 

- EDS to Bci. Luo et al. 2010 

AT3G25800 (PP2AA2) Protein phosphatase 
2A subunit A2 

3 XopAC       RipAJ  (Gor) OEC119 - - 

AT3G27960 (KLCR2) Kinesin light chain-
related 2 

21 XopAC, XopAG, 
XopF, XopZ      

RipA1, RipA2, 
RipA4, RipA5, 
RipAD, RipAE, 
RipG4, RipO1, 
RipS3, RipS6, 
RipV1 

(Hpa) ATR13, HARXL30, HARXL73, HARXL79, 
HARXLL60, (Psy) HopAB1 

EDS to Hpa. Mukhtar et al. 2011 

AT3G54000 TIP41-like protein 3 XopAL1       RipAK, RipO1 - - - 

AT4G01090 Hypothetical protein 9 XopAG, XopR       RipA2, RipAE, 
RipP2, RipS3, 
RipV1 

(Hpa) HaRxLL515, (Gor) OEC45 - - 

AT4G09060 Hypothetical protein 3 XopK       RipAE, RipO1 - - - 

AT4G17680 SBP (S-ribonuclease binding 
protein) family protein 

16 XopAC, XopAG, 
XopAL1, XopP      

RipAD, RipAE, 
RipAK, RipO1 

(Hpa) ATR1, (Psy) AvrB1, AvrB2, AvrB4-1, 
HopAB1, HopR1, AvrC, (Gor) OEC61 

EDR to Hpa. Mukhtar et al. 2011 
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AT4G26660 Kinesin-like protein 2 XopR       RipAE  - - - 

AT5G02020 (SIS) Salt induced serine rich 2 XopR       RipO1  - - - 

AT5G08070 (TCP17) TCP domain protein 17 7 XopAC, XopK, 
XopR      

RipAE, RipAJ, 
RipAK, RipO1 

- - - 

AT5G26720 Ubiquitin carboxyl-terminal 
hydrolase-like protein 

4 XopAC, XopJ, 
XopK      

RipAJ  - - - 

AT5G51110 (SDIRIP1) SDIR1-interacting 
protein 1 

3 XopK       RipO1  (Hpa) ATR1 - - 

AT5G51440 (HSP23.5) HSP20-like 
chaperones superfamily protein 

7 XopAC, XopAL1       RipAE, RipAK, 
RipAW, RipH3, 
RipO1 

- - - 

a Effector degree (number of interacting effector proteins) in EffectorK database. 
b Effectors with orthology between Xcc8004 and RpsGMI1000 are highlighted in bold. When both orthologous effectors interact with a same Arabidopsis protein, the 
effectors are underlined and the full row is colored in grey. 
c Oher plant pathogen effectors interacting with the same putative target of Xcc and Rps effectors preceded by the species in brackets. Atu, Agrobacterium 
tumefaciens; Gor, Glovinomyces orontii; Hpa, Hyaloperonospora arabidopsidis; and Psy, Pseudomonas syringae. 
d Published immune-related phenotypes characterized on Arabidopsis T-DNA insertion mutant lines. EDR, enhanced diseases resistance; EDS, enhanced disease 

susceptibility; Bcy, Botrytis cinerea and Gci, Glovinomyces cichoracearum.
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Figure 3.1. Interspecific convergence of effector targets among plant pathogenic bacteria. (A) 
Random or convergent targeting of effectors from two different species (red and yellow circles) with 
Arabidopsis proteins (green circles) can be distinguished by random network rewiring and simulation. 
Comparison of the number of observed (red arrow) versus 10,000-simulation-expected (grey curve) 
common targets of effectors from Rps and Xcc (B), Psy and Xcc (C) and Rps and Psy (D). Adapted from 
González-Fuente et al., 2019 (A and C).  
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species screened is difficult to assess at this stage. As presented in the previous section, random 

rewiring simulations showed that effectors from different pathogens have more putative targets 

than expected by chance (Figure 3.1A). When comparing pairwise all three pathogenic bacteria 

screened at the effectome-scale (i.e., Psy, Rps and Xcc), the biggest difference between the 

observed number of common effector targets and the expected by random simulation, is 

observed precisely between Rps and Xcc, the two vascular pathogens (Figure 3.1B), and the 

smallest difference is between Xcc and the mesophyll pathogen Psy (Figure 3.1C). This could 

indicate that the convergence of effector targeting is more pronounced among pathogens with 

similar lifestyles. However, the difference between Psy and Rps is similar to that of Rps and Xcc 

(Figure 3.1B and 3.1D), undermining this hypothesis. It is more likely that the differences in the 

level of convergence are due to the number of effectors screened rather than due to the lifestyle 

of the pathogen as discussed in the article. 

From the functional point of view, among these 19 common putative targets of T3Es from 

Xcc8004 and RpsGMI1000 (Table 3.3), there are six proteins involved in ubiquitin-mediated 

signaling: COP9 signalosome components (CSN5A and CSN5B), SBP family proteins (BRG3 and 

AT4G17680), an ubiquitin hydrolase-like protein (AT5G26720) and a target of an E3 ubiquitin 

ligase (SDIRIP1). There are also two transcription factors from the same family: TCP9 and TCP17. 

The three subunits of the protein phosphatase 2A (RCN1, PP2AA2 and PP2AA3) are also targeted 

by effectors from Xcc and Rps. The remaining common targets are proteins related to the 

cytoskeleton (KLCR2 and AT4G26660), membrane trafficking (CHC2), response to abiotic 

stress (SIS and HSP23.5) and hypothetical proteins of unknown function (AT3G54000, 

AT4G01090 and AT4G09060).  

The involvement in plant immunity has already been demonstrated for seven out of the 

19 common putative targets of Xcc8004 and RpsGMI1000 T3Es (Table 3.3). This proven involvement 

serves as indirect evidence of the potential of the cognate Xcc and Rps T3Es to modulate plant 

immunity. This also highlights the lack of knowledge for most of the identified putative targets, 

and the subsequent potential for further experimental validation. Interestingly, most of the 

proteins that have not been characterized in immunity yet are exclusive targets of Rps and Xcc. 

This could indicate that these exclusive targets might be novel and important proteins for 

specific plant responses against vascular pathogens, although it is also possible that this is simply 

caused by the low number of pathogen effectomes thoroughly screened.  
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Table 3.4. Putative targets of orthologous T3Es from Xcc8004 and RpsGMI1000. For each T3E from the 
set of orthologs between Xcc8004 and RpsGMI1000, the number of identified targets (if any) is presented. 
Common targets of both members of each orthologous groups are also indicated. 

Xcc8004 T3Es 
(Xops) 

Xop targets identified 
(number) 

RpsGMI1000 T3Es 
(Rips) 

Rip targets identified 
(number) 

Common targets 
(number) a 

XopAG Yes (5) RipO1 Yes (61) Yes (3) 

XopQ No RipB Yes (1) No 

XopP Yes (3) RipH1 No No 

  RipH2 Yes (7) No 

  RipH3 Yes (10) No 

XopAM Yes (2) RipR No No 

HrpW No RipW Yes (2) No 

XopG Yes (2) RipAX1 No No 

  RipAX2 Yes (2) No 
a Underlined if targets identified for both members of each ortholog pair. 
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If the orthology relationships between Xcc8004 and RpsGMI1000 T3Es are considered, there 

are 13 targets of common T3Es but only three of them interact with both partners of an ortholog 

pair (Table 3.3). This a priori low number of common targets of orthologous T3Es might be the 

product of the lack of identified targets of several T3Es. Indeed, from the nine possible ortholog 

T3E pairs, only in four of them targets were identified for both of members (XopAG/RipO1, 

XopP/RipH2, XopP/RipH3 and XopG/RipAX2) (Table 3.4). From these four ortholog pairs, 

common targets were only found in one: XopAG/RipO1 (Tables 3.3 and 3.4). These three 

common targets of XopAG and RipO1 are BRG3, a putative E3 ubiquitin ligase involved in 

immunity against necrotrophic fungus Botrytis cinerea (Luo et al., 2010); KLCR2 and 

AT4G17680, both hub proteins involved in immunity against the oomycete Hyaloperonospora 

arabidopsidis (Mukhtar et al., 2011). 

3.4 Few common targets seem to be involved in plant 
susceptibility to Xcc and Rps 

To evaluate the involvement of the identified 19 common putative targets of effectors of 

Xcc8004 and RpsGMI1000 in Arabidopsis immunity against these two pathogens, several T-DNA 

insertion lines for each of the 19 targets were requested from authors or ordered from public 

collections (Table A.3). When not directly available, homozygous mutant plants were obtained 

from a heterozygous population through PCR genotyping (O’Malley, Barragan and Ecker, 2015). 

The growth of all these mutant lines up to 4 weeks was similar to the Col-0 wild type except for 

csn5a mutants (MGF323 and MGF336) that were considerably smaller as previously reported 

(Gusmaroli et al., 2007). For this reason, these lines were excluded from the following 

experiments. The mutants for the remaining 18 putative common targets of Xcc8004 and 

RpsGMI1000 were first screened for disease susceptibility to Xcc using the strain 8004∆xopAC. This 

strain was used instead of the wild type because, in the Arabidopsis ecotype Col-0 in which the 

mutants were generated, xopAC triggers resistance (Xu et al., 2008b). 4-weeks-old Arabidopsis 

plants were wound-inoculated with Xcc bacteria and the disease symptoms were scored at 10 

days post inoculation (Figure 3.2). Only four mutant lines produced altered symptom 

development: MGF249 and MGF370 mutant alleles of SIS both showed enhanced disease 

susceptibility. MGF309, one of the mutant alleles of RCN1, and MGF346, one of the mutant 

alleles of BRG3, showed reduced disease susceptibility. In parallel, the growth in planta of Xcc 

was also measured in Col-0 and some of the initially most interesting candidates: the three 

common targets of XopAG and RipO1 (i.e., KLCR2, AT4G17680 and BRG3).  
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Figure 3.2 (1/2). Involvement in susceptibility to Xcc of 18 common putative targets. Boxplot 
representation of disease index scored at 10 days post wound-inoculation on A. thaliana ecotype Col-0  
wild-type (WT, in grey) and mutant (given name in table 3.7, in white) plants. Disease index is as follows: 
0-1, no symptoms; 1-2, weak chlorosis around the inoculation sites; 2-3, stronger and extended chlorosis; 
and 3-4, necrosis. Inoculation was done with the Xcc strain 8004∆xopAC at 108 CFU/ml. Six plants (four 
leaves per plant) were inoculated per condition. Two independent experiments were performed and the 
results were combined. Red asterisks indicate that the difference with the Col control is statistically 
significant (one-tailed Wilcoxon signed-rank test p-value < 0.05, exact value indicated below). Boxplot 
representation: thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; 
and circles, outliers. 
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Figure 3.2 (2/2). Involvement in susceptibility to Xcc of 18 common putative targets. Boxplot 
representation of disease index scored at 10 days post wound-inoculation on A. thaliana ecotype Col-0  
wild-type (WT, in grey) and mutant (given name in table 3.7, in white) plants. Disease index is as follows: 
0-1, no symptoms; 1-2, weak chlorosis around the inoculation sites; 2-3, stronger and extended chlorosis; 
and 3-4, necrosis. Inoculation was done with the Xcc strain 8004∆xopAC at 108 CFU/ml. Six plants (four 
leaves per plant) were inoculated per condition. Two independent experiments were performed and the 
results were combined. Red asterisks indicate that the difference with the Col control is statistically 
significant (one-tailed Wilcoxon signed-rank test p-value < 0.05, exact value indicated below). Boxplot 
representation: thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; 
and circles, outliers. 
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Figure 3.3. Involvement of the three common putative targets of XopAG and RipO1 in the in 
planta growth of Xcc. Boxplot representation of bacterial population of Xcc strain 8004∆xopAC in A. 
thaliana ecotype Col-0 wild-type (WT, in grey) and mutant (given name in table 3.7, in white) leaves at 
0 (bottom) and 3  (top) days post inoculation. Inoculation was done by infiltration of a bacterial 
suspension at 105 CFU/ml with a needleless syringe. Six and nice samples from six plants were randomly 
corrected at 0 and 3 dpi respectively. Two independent experiments were performed and the results were 
combined. No statistically significant differences were observed between the different groups (one-tailed 
Wilcoxon signed-rank test  p-value < 0.05). Boxplot representation: black dots, raw values; thick bar, 
median; and box limits, highest and lowest value within 1.5 · inter-quartile range. 
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Xcc strain 8004 ∆xopAC bacteria were infiltrated in the mesophyll and counted 

immediately after the inoculation and three days later (Figure 3.3). No significant differences 

between the screened mutants and the Col-0 control were observed, not even for MGF346, one 

of the mutant lines that had previously shown reduced disease susceptibility. This suggests that 

small alterations in symptom appearance might not necessarily be correlated with bacterial 

growth alterations in planta. 

Due to space constraints at the time, only the most promising candidates were screened 

for involvement in disease susceptibility to Rps: the three common targets of XopAG and RipO1 

(i.e., KLCR2, AT4G17680 and BRG3) because they are the only common targets of an ortholog 

pair of T3Es, and SIS because two independent mutant alleles had shown enhanced disease 

susceptibility to Xcc (Figure 3.2). 4-weeks-old Arabidopsis plants were soil-drenched in Rps 

wild-type strain GMI1000 bacterial suspension and the percentage of plants still alive was scored 

daily up to 10 days (Figure 3.4A).  These results, although quite variable, showed that most of 

the mutant alleles screened were not significantly different from Col-0 controls. Only two 

mutant alleles showed statistically significant differences in one of the experiments: MGF354 

(klcr2) showed enhanced disease susceptibility whereas MGF362 (brg3), showed reduced disease 

susceptibility. The difference of MGF354 with Col-0 plants in the first experiment was not 

observed in the other two; however, the tendency was the same as evidenced by their hazard 

ratio higher than one (i.e., mutant plants die proportionally faster than the control) in all 

experiments (Figure 3.4B). This could suggest that KLCR2 might be implicated in susceptibility 

to Rps although three experiments were not statistically powerful enough to evidence this. 

Conversely, the difference of MGF362 with Col-0 was not only not observed again in the other 

two experiments, but the tendencies were actually reversed (Figure 3.4B). Indeed, if considered 

all three different brg3 mutant alleles (i.e., MGF346, MGF362 and MGF366), the general 

tendency is enhanced disease susceptibility, as shown by their hazard ratios slightly higher than 

one (Figure 3.4B). Whether this is coincidence or evidence of a minor role in susceptibility 

cannot be assessed with the number of experiments performed. The mutant alleles of the 

remaining screened genes (AT4G17680 and SIS)  did not show any significant difference to the 

Col-0 controls and the curve tendencies were contradictory among alleles from a same gene and 

among independent experiments (Figure 3.4A and 3.4B). 
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Figure 3.4. Involvement of four common putative targets in susceptibility to Rps. (A) Survival 
curves scored for 10 days after soil-drenching inoculation of A. thaliana ecotype Col-0 wild-type (red) and 
mutant (color code in adjacent table) plants with Rps strain GMI1000 at 108 CFU/ml. Twenty plants were 
inoculated per line and experiment and the results of three independent experiments are shown. 
Statistically significant differences to the wild type curve are highlighted in red (Mantel-Cox logrank test 
p-value < 0.05). (B) Dotplot representing the hazard ratio of each survival curve using the wild type (WT) 
as reference. Results from the three independent experiments are shown. Black lines indicate the mean 
and the grey dotted line is located at a constant ratio of 1 for reference. 
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3.5 Discussion 

Rps and Xcc T3Es behave like most plant pathogen effectors 

In this first part of results, the systematically identified putative targets of several 

effectors from vascular pathogens Xcc8004 and RpsGMI1000 were presented (Tables A.1 and A.2). 

This allowed the comparison of the effector interactomes of these two species with other 

Arabidopsis pathogens previously screened in a similar manner (Mukhtar et al., 2011; Weßling 

et al., 2014). This evidenced that the effectors of Xcc and Rps behave similarly to those of other 

plant pathogens: 1) Effectors from a same species tend to interact with a limited set of 

Arabidopsis proteins indicating intraspecific convergence (Article figure 2A). 2) Effectors from 

different species tend to have more common targets than it could be expected by chance, 

indicating interspecific convergence (Article figures 2B and 2C). 3) Effector interact 

preferentially with Arabidopsis proteins highly connected to other plant proteins (Article figure 

5). 4) Effector targets occupy central positions in the Arabidopsis interactomic network (Article 

table 2). Altogether, these results indicate that effectors tend to interact with host proteins with 

higher potential to modulate the organization of the plant interactomic network.   

From a functional point of view, it was also shown that Xcc and Rps T3Es target similar 

plant processes to other pathogen effectors. Xcc and Rps T3E targets were significantly enriched 

in proteins with transcription factor activity and nuclear localization (Table 3.2). Indeed, several 

examples of effectors targeting plant transcription factors have been reported in other plant 

pathogens including other bacteria (MacLean et al., 2014; Yang et al., 2017), oomycetes 

(McLellan et al., 2013), fungi (Qin et al., 2018), nematodes (Hewezi et al., 2015) or insects (N. 

Wang, Zhao, et al., 2019). Among the 19 common putative targets of T3Es from Xcc8004 and 

RpsGMI1000 there were precisely two transcription factors, both from the same family: TCP9 and 

TCP17. TCP transcription factors are known to modulate a wide variety of plant processes 

including responses to biotic stress (Li et al., 2018; Z. Wang, Cui, Liu, et al., 2019). TCP9 is 

precisely one of these TCP family members involved in plant defense responses as it has been 

shown that, together with its paralog TCP8, they control the expression of ICS1, key enzyme in 

the biosynthesis of SA (X. Wang et al., 2015). There were also several proteins involved in 

ubiquitin-mediated signaling. This is in agreement with previous reports of plant pathogen 

effectors interfering with plant ubiquitination and proteasome functioning (Banfield, 2015; 

Üstün et al., 2016). PP2A, whose three structural subunits are also targets of Xcc and Rps 

effectors, is a key negative regulator of defense responses acting at the PRR phosphorylation, 

ROS homeostasis, hormone signaling and autophagy levels (Durian et al., 2016). PP2A 
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constitutes thus an ideal target for pathogen effectors as it has been already shown in other 

phytopathogenic bacteria (Jin et al., 2016). Other three targets are linked to the cytoskeleton 

and membrane trafficking, processes highly involved in all levels of immunity. Cytoskeleton 

components are involved in the PTI and ETI receptor localization and signaling (Mbengue et al., 

2016; Postma et al., 2016; Bücherl et al., 2017) or in organellar reorganization during defense 

responses (Takemoto, Jones and Hardham, 2003; A. S. Kumar et al., 2018). Therefore, 

cytoskeletal proteins are also targeted by different plant pathogenic bacteria (Lee et al., 2012; 

Cheong et al., 2014; Erickson et al., 2018) or nematode effectors (Leelarasamee, Zhang and 

Gleason, 2018), including kinesin family proteins (Shimono et al., 2016), such as two of the 

common putative targets identified. Altogether, these results corroborate the strong similarities 

existing among the virulence mechanisms of different pathogen effectors. Xcc and Rps T3Es do 

not only behave similarly to other effectors in terms of connectivity and interaction tendencies 

with Arabidopsis proteins, but also in terms of biological processes modulated.  

Is there a certain effector targeting specificity among vascular pathogen? 

An unanswered question that these results open is: what is the level of pathogen 

specificity of effector targets? As pointed out in the article, while there are significantly many 

common effector targets to different pathogens (Article figure 2), the majority of them remain 

specific to each species (Article figure S2).  Whether this is caused by a true biological 

specificity of effector targeting or is just an artifact of the low number of pathogens species 

screened at the effectome level is impossible to assess at this point. This work represents the 

first systematic screen for interactors of effectors from Arabidopsis vascular pathogens. 

Therefore, the question about pathogen specificity can be extended to lifestyle specificity. Can 

effector target specificity reflect the pathogen lifestyle? As discussed in this chapter, within the 

common targets of Xcc and Rps T3Es, more than half of them were exclusive to these two 

vascular pathogens (Table 3.3). However, the limited number of other species to compare to 

prevents the assessment of whether this indicates true adaption to vasculature or is just an 

artifact caused by the low number of species screened. To answer these questions, more large-

scale screenings of several effectors from several and varied pathogens would be required to 

conduct comparative studies with enough power.  
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Functional similarities beyond homology 

From the 209 T3Es targets identified, 19 were common to effectors from Xcc8004 and 

RpsGMI1000 (Table 3.3). However, considering the orthology relations between T3Es, only three 

of these targets interacted with orthologous T3Es from the two species. This result is probably 

underestimated due to the lack of identified targets for some of the T3Es. This prevented the 

comparison of targets between many of the ortholog pairs (Table 3.4). Considering this, testing 

interaction between T3Es for which no targets were identified, and the identified targets of the 

orthologous T3E could help to recover possible false negatives (e.g., test interactions between 

RipR and the identified targets of its Xcc ortholog, XopAM). However, even if a few false 

negatives were recovered, most of the common targets can still interact with sequence-unrelated 

Xcc and Rps effectors. This indicates that, besides sequence orthology, there is also a sort of 

“homology of function”. This refers to effectors that although are not similar in sequence, 

interact with the same targets. This seems to be the case for example of XopAC and RipAJ which, 

despite showing only 11% amino acid sequence identity, interact with six common proteins 

(Figure 3.5). Among these six, there are the three structural subunits of PP2A, which did not 

interact with other Xops or Rips in our screenings (except PP2AA3 that can also interact with 

XopJ) (Table 3.3). RCN1, one of these subunits, was precisely one of the few genes for which a 

mutant allele showed reduced disease susceptibility to a compatible Xcc strain, although this 

difference was not significant in the other rcn1 allele (Figure 3.2B). This could suggest a minor 

role of RCN1 in the response against a vascular pathogen. Considering that XopAC and RipAJ 

interact with RCN1, it could also be possible that these T3Es modulate RCN1 action. 

Nevertheless, this could not be tested because XopAC triggers resistance in the Col-0 

background in which the rcn1 mutants had been generated.  

Is the lack of infection phenotypes a mark of complex responses or are we dealing 
with false negatives?  

The involvement in plant immunity of the rest of identified common putative targets to 

a compatible Xcc strain was assessed (Figures 3.2 and 3.3). However, statistically significant 

differences were observed only for mutant alleles of four genes. This indicates either that most 

of them are not involved in the plant responses to Xcc, or that the architecture of these responses 

is too complex to be dissected with single mutants. The fact that the T3E targets were identified 

uniquely through large-scale yeast two-hybrid screening is an argument in favor of the first 

assumption. Although powerful, these kind of screenings have limitations and false positives are 

expected (Brückner et al., 2009). However, even if the identified targets truly interacted with 
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Figure 3.5. RipAJ and XopAC show homology of function, but not of sequence. (A) Representation 
of the six common targets that interact with RipAJ and XopAC. Purple and green octagons represent 
effector and arabidopsis proteins respectively where as the connecting red lines indicate protein-protein 
interaction. Obtained by the path finding tool of EffectorK. (B) ClustalW alignment of the full-length 
amino acid sequence of RpsGMI1000 RipAJ (WP_011002032) and Xcc8004 XopAC (AFP74845). The 
background color represents the percentage of similarity based on the BLOSUM62 scoring matrix with a 
threshold of 1: black, identical; grey, similar; and white, not similar.  
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T3Es, this would not necessarily imply that they are involved in the plant responses to Xcc. 

Contrary to resistance that is often qualitative and monogenic (i.e., the recognition of one 

pathogen effector by one plant receptor triggers the resistance), susceptibility is a much more 

complex trait (i.e., several pathogen effectors, and other virulence determinants, interfere 

collectively with several plant targets). Therefore, it is not unreasonable to think that even if the 

targets were involved in the plant responses to Xcc, we would still not observe a phenotype. 

Among the possible reasons to explain this, there are biological and experimental limitations 

such as functional redundancy, epistasis, low sensitivity of the phenotyping methods or wrong 

choice of inoculation methods.  

Among the genes for which mutant alleles showed phenotype there were the previously 

discussed RCN1 and BRG3 that showed reduced disease susceptibility, and SIS that showed 

enhanced disease susceptibility to Xcc (Figure 3.2). SIS encodes a serine-rich protein of 

unknown function involved in the response to salt stress as sis mutants showed reduced 

tolerance to salinity (Brinker et al., 2010). Therefore, it seems like SIS is a positive regulator of 

both biotic and abiotic stress responses making it a new convergence point in both stress 

signaling pathways (Fujita et al., 2006). Whether Xcc is able to modulate SIS function through 

its interacting effector, XopR would be interesting to test.  

BRG3 encodes a putative RING E3 ubiquitin ligase involved in resistance against 

necrotroph fungus Botrytis cinerea as brg3 mutants showed increased lesion size (Luo et al., 

2010). This work showed that brg3 mutants are less susceptible to Xcc, although this difference 

was only significant for one of the alleles (Figure 3.2). Therefore, BRG3 could be a positive 

regulator of the responses against B. cinerea and a negative regulator of the responses against 

Xcc evidencing the specificity of the plant responses against different pathogens. As one of the 

common targets of two orthologous T3Es, XopAG and RipO1, the bacterial growth in planta of 

Xcc was measured in brg3 mutants (Figure 3.3). However, no differences with the Col-0 control 

were observed, not even for MGF436, the mutant allele that showed significant reduced 

susceptibility. This evidenced that symptom development upon vascular inoculation and 

bacterial growth in the mesophyll are not necessarily correlated.  

Similar to what was observed in Xcc, most of the screened mutants for T3E target genes 

did not show altered susceptibility phenotypes when inoculated with a compatible Rps strain 

(Figure 3.4). Only one mutant allele showed a slight but consistent tendency of enhanced 

disease susceptibility: klcr2. KLCR2 is an identified effector hub targeted by effectors from P. 

syringae and H. arabidopsidis and klcr2 mutants showed enhanced disease susceptibility to the 
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latter (Mukhtar et al., 2011). As common target of Rps and Xcc T3Es, this work reinforces the fact 

that KLCR2 is indeed a multipathogen effector hub and that could be involved in the plant 

responses to both H. arabidopsidis and Rps. Whether Rps is able to modulate KLCR2 function in 

a T3E-dependent manner would be interesting to test. However, as a putative interactor of 11 

Rps T3Es, identifying which ones, if any, are involved in this modulation would probably require 

the generation and phenotyping of several combination of bacterial polymutants.  

Is there also effector targeting specificity between Rps and Xcc? 

Interestingly, none of the genes with an observable implication in the response to Xcc 

was found to be explicitly involved in the response to Rps, and vice versa. This could reflect that 

the plant defense responses against these two bacteria are substantially different. Considering 

that Xcc infects the aerial parts while Rps enter through the root system, it was expected that 

the plant defense mechanisms against each of them would be different. However, as they are 

both xylem-colonizing bacteria that spread systematically through the vasculature, it could 

equally be expected to find some similarities, particularly taking into account the presence of 

orthologous T3Es in their repertoire. Considering the very low number of mutant lines for which 

a clear immune phenotype was observed, it is not surprising that there were not coincidences. 

More repetitions to increase the statistical power of the already produced data could allow 

discerning true but weak effects from background noise. Additionally, complementary 

experiments using more sensitive phenotyping methods and/or alternative inoculation 

procedures could provide additional information to better characterize the implication of all the 

identified candidates in the plant defense responses. Then and only then, it would be possible 

to adequately compare these responses in both pathosystems. If any similarity in the response 

to both bacteria were to be found, it would be equally interesting to test whether this is specific 

to these two species or if on the contrary, is conserved among other vascular pathogens, among 

bacteria or among all kinds of plant pathogens 
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Chapter 4 

Determining the effect of the effectors 

shared by R. pseudosolanacearum 

and X. campestris pv. campestris   
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Figure 4.1. Pathogenicity of T3E gene mutants in RpsGMI1000 inoculated on susceptible tomato 
plants. Survival curves scored for up to 8 days after soil-drenching inoculation of tomato cultivar Super 
Marmande plants with RpsGMI1000 wild type (red) and different single T3E gene mutants (colors as stated 
in the table). Plants were drenched bacterial suspension at 108 CFU/ml. 24 plants were inoculated per 
strain. Only one experiment was performed. Statistically significant differences to the Col-0 curve are 
highlighted in red (Mantel-Cox logrank test p-value < 0.05). Preliminary results from Patrick Barberis 
(unpublished).  
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4.1 Introduction 

This second chapter of results gathers all the work related to the characterization of the 

effects in the bacteria and in the plant of the shared T3Es between Xcc8004 and RpsGMI1000. To this 

end, a first approach was conducted using different single and multiple bacterial T3E gene 

mutants to evaluate their contribution to Xcc and Rps pathogenicity. Considering the collective 

action of effectors, which often show phenomena of functional redundancy (Kvitko et al., 2009; 

Zumaquero et al., 2010; Tan et al., 2015) or epistasis (Phan et al., 2016; Rufián et al., 2018), an 

alternative approach was conducted in parallel: the heterologous expression in planta of single 

bacterial T3E genes. For this, stably transformed Arabidopsis plants and transiently transformed 

Nicotiana benthamiana leaves were generated and phenotyped for developmental alterations 

and inhibition of basal plant defense responses. 

4.2 Shared T3Es contribute collectively to the bacterial 
pathogenicity 

As the characterization of the roles of T3Es from Xcc8004 and RpsGMI1000 is one of the main 

research axes of both host teams, many useful biological resources had been generated 

previously: all Xcc8004 and RpsGMI1000 T3E genes had been cloned in entry plasmids, or different 

bacterial mutants had been generated. Most of these bacterial mutants had already been 

phenotyped previously. In the case of RpsGMI1000, many T3E single mutants have been 

phenotyped for virulence when inoculated in susceptible tomato Super Marmande plants. 

Previous preliminary results showed that most of the single T3E gene mutants did not show 

differences in pathogenicity with the wild type GMI1000 strain (Patrick Barberis, unpublished 

data). Among these RpsGMI1000 T3E genes, there were five shared with Xcc8004: ripAX1, ripB, ripH2, 

ripO1 and ripR (Figure 4.1). From these five, only ripAX1 and ripR showed a significant reduction 

in pathogenicity.  

Similarly, most Xcc8004 single T3E gene mutants had also been phenotyped previously, 

in this case, in both resistant and susceptible Arabidopsis ecotypes (Guy et al., 2013). In the 

resistant ecotype Col-0, only five mutants showed significant differences in virulence compared 

to the 8004 wild-type control (Figure 4.2A): ΔxopAC and ΔxopAM were moderately virulent 

whereas ΔxopN, ΔxopX1/2 and ΔxopAL1/xopP were completely avirulent. Conversely, in the 

susceptible ecotype Kas, no major differences in virulence were observed for any of the mutants 

compared to wild-type control (Figure 4.2B). 
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Figure 4.2. Pathogenicity of T3E gene mutants in Xcc8004 inoculated on Arabidopsis plants. 
Arabidopsis resistant Col-0 (A) and  susceptible Kas (B) ecotype plants were inoculated by piercing in the 
central vein at a bacterial density of 108 CFU/ml, and infection symptoms were scored at 7 days post 
inoculation. The disease index was as follows: 0 to 1, no symptoms; 1 to 2, weak chlorosis; 2 to 3, strong 
chlorosis; and 3 to 4, necrosis. Box plot representations of symptoms are as follows: middle bar, median; 
box limit, upper and lower quartiles; and extremes, minimum and maximum values. Statistical groups 
were determined using a Kruskal-Wallis test (p-value < 0.001) and are indicated by different letters. Red 
triangles indicate the single or double mutants for T3E genes shared with RpsGMI1000 (hrpW, xopAM, xopQ, 
xopP and xopG. xopAG was not tested). Adapted from Guy et al., 2013. 
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Figure 4.3. Pathogenicity of shared T3E mutants in Xcc8004 inoculated on Arabidopsis plants. 
Susceptible ecotype Sf-2 Arabidopsis plants were inoculated by piercing in the central vein at a bacterial 
density of 108 CFU/ml, and infection symptoms were scored at 7 days post inoculation. Disease index is 
as follows: 0-1, no symptoms; 1-2, weak chlorosis around the inoculation sites; 2-3, stronger and extended 
chlorosis; and 3-4, necrosis. Xcc 8004 wild type (WT) highlighted in grey for reference. Four plants (four 
leaves per plant) were inoculated per condition. Two independent experiments were performed and the 
results were combined. Boxplot representation: thick bar, median; box limits, highest and lowest value 
within 1.5 · inter-quartile range; and circles, outliers. Statistical groups were determined using a Kruskal-
Wallis test (one-tailed Wilcoxon signed-rank test p-value < 0.05) and are indicated by different letters. 
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As not all single shared T3E gene mutants had been tested in this study, I tested all six 

shared Xcc8004 T3E mutants in a slightly less susceptible Arabidopsis ecotype, Sf-2 (Figure 4.3). 

Similar to what was observed in Kas (Guy et al., 2013), in Sf-2 neither 8004ΔhrpW, ΔxopAM nor 

ΔxopG showed any differences in terms of pathogenicity. Conversely, 8004ΔxopQ showed a 

significant reduction in pathogenicity. This could indicate that the possible virulence function 

observed for xopQ depends on the Arabidopsis susceptible ecotype. As 8004ΔxopAG had not 

been previously screened, this work is the first report of the implication of this effector in Xcc 

virulence. 

To test the collective impact of the shared effectors, a sextuple mutant was created in 

the Xcc8004 background. This mutant showed significantly reduced virulence compared to the 

wild type and most of the single T3E genes, except for ΔxopAG and ΔxopQ, for which the 

difference were not significant (Figure 4.3). Despite this lack of significant differences between 

the latter, it seems like the sextuple mutant is slightly less virulent than the single ΔxopAG and 

ΔxopQ as evidenced by the fact that these two single mutants are not significantly different to 

the other single T3E mutants (statistical group “bc”) whereas the sextuple mutant is (statistical 

group “c”). However, to confidently state this, additional complementation experiments should 

be performed. 

4.3 Expressing individual bacterial T3E genes in planta to 
study their effects 

In order to generate stable A. thaliana transgenic lines, all shared T3E genes from Xcc8004 

and RpsGMI1000 were cloned into the chemical-inducible expression vector pER8 (Zuo, Niu and 

Chua, 2000). This vector allows a tight inducible expression by β-estradiol at low concentrations 

such as 8 nM, with a higher expression value than the constitutive 35S promoter at 5 µM. 

Concerning the induction time, observable expression of transgene can be achieved after 30 

minutes and it peaks after 24 hours. This vector also contains the coding sequence of the 

hygromycin phosphotransferase II, a selectable marker for plant transformation. 

As part of a larger project of the team involving the generation of Arabidopsis transgenic 

lines for all Xcc8004 T3E genes, most Xcc8004 T3E genes had already been cloned into this vector 

and transformed in A. tumefaciens prior to my arrival. Due to the moderately large-scale of the 

screening, involving all Xcc8004 and some RpsGMI1000 T3E genes, no tags were added to minimize 

the chances of observing any kind of phenotype unrelated to the expression of the T3E  
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Table 4.1. pER8-T3E transgenic Arabidopsis lines generated. Number of transformation attempts, 
independent T1 plants containing T-DNA insertion verified by PCR, independent T2 lines with a 3:1 
hygromycin resistance/susceptibility ratio and independent T3 homozygous lines generated per 
transformation and per construct. 

Construct Transformation code a PCR positive T1 b Segregation 3:1 T2 c Homozygous T3 d Total e 

pER8-xopG AT064 4 4 4 9 

 AT119 29 12 5  
pER8-xopP AT070 0 0 0 9 

 AT092 31 12 9  
pER8-xopQ AT071 1 0 0 7 

 AT094 31 10 7  
pER8-hrpW AT077 1 0 0 3 

 AT105 1 0 0  

 AT127 0 0 0  

 AT146 14 10 3  
pER8-xopAG AT080 20 7 5 7 

 AT120 37 10 2  
pER8-xopAM AT083 0 0 0 0 

 AT107 0 0 0  

 AT136 0 0 0  

 AT147 1 0 0  

 AT167 0 0 0  
pER8-ripAX1 AT110 0 0 0 2 

 AT149 20 9 2  
pER8-ripAX2 AT111 30 17 6 6 

pER8-ripB AT112 3 1 0 1 

 AT150 0 0 0  

 AT170 26 3 1  
pER8-ripH1 AT113 3 1 1 6 

 AT151 0 0 0  

 AT171 28 6 5  
pER8-ripH2 AT114 12 1 1 6 

 AT172 9 6 5  
pER8-ripH3 AT115 14 6 5 10 

 AT173 48 6 5  
pER8-ripO1 AT116 23 8 5 5 

pER8-ripR AT117 4 1 1 1 

 AT152 0 0 0  

 AT174 4 1 0  
pER8-ripW AT118 14 6 2 9 

 AT175 38 8 7  
a Each code refers to one independent transformation experiment. 
b Number of independent hygromycin-resistant T1 plants PCR-genotyped for the presence of the 

transgene (T3E-gene-specific primers). 

c Number of independent T2 lines for which the percentage of hygromycin resistant plants is 60-90% 
(approximately 3:1 ratio). 
d Number of independent T3 lines homozygous for hygromycin resistance. 
e Total number of independent homozygous T3 lines per construct combining all conducted 

transformations. 
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Table 4.2. Validation by qPCR of the transgene expression in several pER8-T3E Arabidopsis 
transgenic lines. Raw crossing points (Cp) and fold change values for the expression of some shared T3E 
genes in 2-week-old transgenic Arabidopsis plantlets incubated for 24 hours in liquid MS supplemented 
with either 5 µM β-estradiol or equivalent DMSO volume. 

  
Cp (Transgene) a Cp (OXA1) a Cp (GAPC2) a 

  

Construct Line - + - + - + Fold change 1 b Fold change 2 b 

pER8-hrpW MGF 394 34.3 22.6 28.0 28.0 22.1 22.8 3258.52 5442.30 

pER8-hrpW MGF >45 34.7 27.8 27.11 22.9 22.9 * * 

pER8-ripH1 MGF396 34.3 30.6 28.1 26.7 21.2 21.9 4.84 21.22 

pER8-ripH1 MGF400 36.9 28.5 26.0 25.4 21.6 20.3 232.68 139.53 

pER8-ripH1 MGF402 32.5 20.6 26.5 26.0 21.5 22.1 2744.26 5779.68 

pER8-ripH2 MGF172 32.2 32.9 27.7 25.8 22.0 20.9 0.17 0.30 

pER8-ripH2 MGF410 32.3 21.5 25.8 26.7 21.5 21.1 3230.83 1298.94 

pER8-ripH2 MGF415 32.8 20.2 25.3 26.8 21.3 21.7 17506.59 8231.03 

pER8-ripH2 MGF420 32.9 20.9 34.5 25.7 ND 20.1 9.39 ND 

pER8-ripH3 MGF176 30.7 32.0 25.4 28.0 20.6 21.1 2.45 0.57 

pER8-ripH3 MGF177 31.9 31.4 34.1 28.7 34.3 24.1 0.03 0.00 

pER8-ripH3 MGF428 25.5 22.6 26.1 26.7 21.6 22.0 11.04 9.71 

pER8-ripH3 MGF431 24.7 19.3 26.0 25.9 21.5 21.1 37.83 30.84 

pER8-ripO1 MGF185 > 45 21.8 24.4 28.3 19.9 21.4 * * 

pER8-ripO1 MGF192 > 45 23.8 26.5 25.9 21.0 20.6 * * 

pER8-ripO1 MGF205 > 45 16.3 26.6 24.6 22.0 19.7 * * 

pER8-ripO1 MGF206 > 45 17.3 25.9 24.9 21.0 20.2 * * 

pER8-xopAG MGF222 30.6 29.2 26.0 24.8 23.5 19.9 1.15 0.23 

pER8-xopAG MGF240 27.9 16.0 27.3 24.6 22.1 20.8 606.63 1558.89 

pER8-xopAG MGF29 28.8 16.5 27.1 24.8 22.5 20.6 1002.07 1388.66 

pER8-xopAG MGF34 32.2 16.8 27.5 24.5 ND 19.6 5677.79 ND 

pER8-xopAG MGF 36 35.1 22.3 27.6 27.2 21.8 21.9 5518.27 7858.29 

pER8-xopAG MGF 221 34.5 24.4 28.2 27.0 22.7 22.5 504.95 996.00 

pER8-xopG MGF23 35.9 19.0 ND 26.5 23.4 21.3 ND 30145.71 

pER8-xopG MGF 218 33.4 23.8 25.4 24.8 19.6 20.1 494.56 1112.82 

pER8-xopG MGF 387 33.7 19.3 26.5 27.6 21.3 22.4 45073.75 47314.67 

pER8-xopP MGF 52 40.0 32.5 26.9 27.1 21.5 21.2 202.25 144.01 

pER8-xopP MGF 59 35.7 32.8 25.2 25.6 20.5 20.5 9.19 7.36 

pER8-xopP MGF 77 38.1 28.0 26.7 25.9 21.2 21.8 689.78 1675.06 

pER8-xopQ MGF 88 35.8 37.0 26.9 26.3 21.6 21.1 0.29 0.32 

pER8-xopQ MGF 99 34.9 32.7 28.0 27.6 23.4 23.0 3.34 3.46 

pER8-xopQ MGF 101 34.8 24.8 23.7 24.6 18.9 19.7 1871.53 1746.20 

pER8-xopQ MGF 105 35.6 34.0 24.7 24.8 19.5 19.9 3.32 3.94 

a Cp values for the amplification of the corresponding transgene and the housekeeping genes OXA1 

(AT5G62050) and GAPC2 (AT1G13440) in inducing (+) and non-inducing (-) conditions. ND: Not 

determined. 
b Fold change of the expression in inducing over non-inducing conditions using the reference 

housekeeping genes OXA1 (1) or GAPC2 (2). When the fold change value is lower than 1.0, the full row is 

highlighted in grey indicating that the line does not express the transgene inducibly. Asterisks indicate 

lines for which the transgene induction is perfect as there was no detectable amplification on DMSO 

treated samples.   
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transgene. Therefore, after my arrival, the cloning of the shared RpsGMI1000 T3E genes following 

the same strategy was conducted. The subsequent A. tumefaciens-mediated transformation of 

A. thaliana Col-0 plants with all shared Xcc8004 and RpsGMI1000 T3E genes was performed. 

Homozygous single-copy-insertion plants were selected in the T3 generation after being tested 

for T-DNA presence by hygromycin resistance and PCR at the T1 and T2 generations, and for a 

3:1 segregation ratio typical of single T-DNA insertions at the T2 generation. When possible, 

several independent transgenic lines for each T3E construct were selected (Table 4.1). No 

transgenic plants were generated for only one of the shared T3E genes after five unfruitful 

transformation attempts: Xcc8004 xopAM. For other two genes, RpsGMI1000 ripB and ripR (the 

ortholog of xopAM), only one homozygous line could be generated. For the rest of T3E genes, 2 

to 10 independent homozygous lines were generated. The inducible expression of the transgene 

in some of the generated transgenic lines was validated by qPCR (Table 4.2). 

4.3.1 Nine shared T3Es confer different developmental alterations when 
expressed in Arabidopsis 

As the different pER8-T3E-gene transgenic lines were generated, they were first 

phenotyped in vitro to detect any possible macroscopic developmental alteration. To this end, 

seeds were grown on MS plates supplemented with either 5 µM β-estradiol or equivalent 

dimethylsulphoxide (DMSO) volume for two weeks (Table 4.3 and figure 4.4). For five shared 

T3E-gene transgenic lines, no differences were observed between the induced and non-induced 

plants in none of the independent lines: hrpW, ripAX1, ripAX2, ripB and ripW (Figures 4.4A, 

4.4L-N and 4.4X). This indicates that the expression of these five transgenes does not necessarily 

cause any observable developmental alteration. A drastic growth arrest upon induction was 

observed on several independent lines of the following transgenes: xopAG, ripH1, ripH2 and ripR 

(only one line available for the latter) (Figures 4.4B, 4.4O, 4.4Q and 4.4W). Alterations in root 

architecture were observed for xopAG, xopG, xopQ and xopP. They all showed shorter primary 

roots (Figures 4.4C, 4.4E, 4.4H and 4.4J), except xopP for which several lines also showed an 

increased number of lateral roots (Figure 4.4G). Phenotypes on the aerial parts were observed 

in ripH3 and ripO1 transgenic lines. For four independent ripH3 transgenic lines, the growth of 

the aerial parts was blocked at the cotyledon stage (Figure 4.4S), whereas several transgenic 

ripO1 lines showed chlorosis or early bolting (Figure 4.4U-V). 
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Table 4.3. In vitro phenotypes of pER8-T3E transgenic Arabidopsis plantlets. Description of the 
different phenotypes observed on transgenic Arabidopsis lines of the shared T3E genes of Xcc8004 and 
RpsGMI1000. For each construct, a brief description of the phenotype observed after two weeks grown on 
MS plates supplemented with either 5 µM β-estradiol or equivalent DMSO volume, with the 
corresponding figure panel and number of independent homozygous  out of the total number of lines 
tested. 

Construct Phenotype in vitro a Example figure Number lines/total b 

pER8-hrpW ND Fig. 4A 2/2 

pER8-xopAG Growth arrest Fig. 4B 2/7 

 Shorter primary roots Fig. 4C 2/7 

 ND Fig. 4D 3/7 

pER8-xopG Smaller roots Fig. 4E 1/8 
 

ND Fig. 4F 7/8 

pER8-xopP More lateral roots Fig. 4G 6/9 

 Shorter primary roots Fig. 4H 2/9 

 ND Fig. 4I 1/9 

pER8-xopQ Shorter primary roots Fig. 4J 2/7 
 

ND Fig. 4K 5/7 

pER8-ripAX1 ND Fig. 4L 2/2 

pER8-ripAX2 ND Fig. 4M 6/6 

pER8-ripB ND Fig. 4N 1/1 

pER8-ripH1 Growth arrest Fig. 4O 2/5 
 

ND Fig. 4P 3/5 

pER8-ripH2 Growth arrest Fig. 4Q 3/4 
 

ND Fig. 4R 1/4 

pER8-ripH3 Blocked at cotyledon stage Fig. 4S 4/9 
 

ND Fig. 4T 5/9 

pER8-ripO1 Chlorosis Fig. 4U 3/5 
 

Early bolting Fig. 4V 3/5 

pER8-ripR Growth arrest Fig. 4W 1/1 

pER8-ripW ND Fig. 4X 4/4 

Col-0 (control) ND Fig. 4Y - 

a Description of the phenotyped observed. ND: No differences observed between induced and non-

induced plants. 
b Number of independent homozygous lines presenting the mentioned phenotype out of the total number 

of phenotyped lines from the same construct. 
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Figure 4.4 (1/3).  Examples of phenotypes observed on T3E transgenic Arabidopsis plantlets.  
Photos of Arabidopsis plantlets grown for 2 weeks on MS-agar plates supplemented with either 5 µM β-
estradiol (+) or equivalent DMSO volume (-). The number of independent lines per construct showing a 
similar phenotype is presented in table 4.2. 
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Figure 4.4 (2/3).  Examples of phenotypes observed on T3E transgenic Arabidopsis plantlets.  
Photos of Arabidopsis plantlets grown for 2 weeks on MS-agar plates supplemented with either 5 µM β-
estradiol (+) or equivalent DMSO volume (-). The number of independent lines per construct showing a 
similar phenotype is presented in table 4.2. 
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Figure 4.4 (3/3).  Examples of phenotypes observed on T3E transgenic Arabidopsis plantlets.  
Photos of Arabidopsis plantlets grown for 2 weeks on MS-agar plates supplemented with either 5 µM β-
estradiol (+) or equivalent DMSO volume (-). The number of independent lines per construct showing a 
similar phenotype is presented in table4. 2. 
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Figure 4.5. Transient RipH1, RipH2 and RipH3 expression in N. benthamiana inhibits flg22-
induced ROS production. Indirect measurement of ROS production after flg22 treatment by 
luminometry on N. benthamiana leaves upon Agrobacterium tumefaciens-mediated expression of GFP-
RipH1, -RipH2 or -RipH3 (darker colors) or GFP-RanBP1 (control, lighter colors). Measurement of the ROS 
production over time on average (A) or integrated over one hour (B). Error bars represent the standard 
error of the mean on 16 leaf disk samples. Horizontal black lines represent the average. Red asterisks 
indicate significant differences with the respective control (Mann-Whitney test p-value < 0.05). Results 
from two independent experiments are shown. (C) Western blot showing the expression of GFP-RipH1, -
RipH2, -RipH3 and -RanBP1 fusion proteins detected with an anti-GFP antibody. Adapted from Arry Morel 
PhD thesis, INP, Toulouse, 2018.  
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4.3.2 The orthologs RipH1-3 and XopP inhibit plant basal defenses 

To have an idea of the possible involvement of the T3Es in the subversion of plant 

defense responses, the production of ROS upon flg22 induction, a classical readout of plant early 

defense responses, was measured by luminometry in some of the generated transgenic 

Arabidopsis lines (Sang and Macho, 2017). The partial inhibition of the fgl22-induced ROS burst 

had already been described for ripH1, ripH2 and ripH3 when transiently expressed in N. 

benthamiana (Figure 4.5) (Morel, 2018). As transgenic Arabidopsis lines for these three genes 

had been generated, they were first screened for inhibition of flg22-induced ROS production. 

To discard any possible effect of the β-estradiol, the ROS production in Arabidopsis Col-0 leaf 

samples was measured upon β-estradiol or DMSO treatment (Figure 4.6). Indeed, the flg22-

induced ROS production does not seem to be altered by the β-estradiol treatment indicating 

that the pER8 transgenic lines can be used in this screening.  Two independent qPCR-validated 

transgenic lines were screened per ripH transgene (Figure 4.7 and 4.8). Contrary to what was 

observed in N. benthamiana, none of the transgenic Arabidopsis lines showed a clear inhibition 

of the flg22-induced ROS production upon induction of the transgene expression compared to 

the DMSO-treated samples. 

It is noteworthy that the values of relative luminescence obtained are generally much 

lower than those observed in N. benthamiana leaves. Indeed, when comparing in a same 

experiment flg22- and water-treated leaf samples from N. benthamiana and Arabidopsis, the first 

produced 12 times more ROS than the latter (Figure 4.9). This higher production of ROS 

provides a larger margin to observe partial inhibition in N. benthamiana that would be harder 

to observe in Arabidopsis. This could potentially explain the lack of coherence between the 

results in these two species, although it cannot be ruled out that the behavior of the RipH 

effectors varies according to the plant species. In an attempt to optimize the ROS measurement 

in Arabidopsis, increasing concentrations of flg22 were tested but the ROS production was not 

altered indicating that the flg22 is not the limiting factor (Figure 4.10). 

Considering the better performance of the transient expression in N. benthamiana 

leaves, the T3E-mediated inhibition of the fgl22-induced ROS production was no further 

measured in other Arabidopsis lines. However, given the described inhibition of the flg22-

induced ROS production for the three RpsGMI1000 RipH T3Es (Morel, 2018) (Figure 4.5), its 

Xcc8004 ortholog, XopP, was screened similarly in agroinfiltrated N. benthamiana leaves. Similar 

to RipH1, XopP inhibits almost totally the flg22-induced ROS production (Figure 4.11).  
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Figure 4.6. β-estradiol treatment does not alter the flg22-induced ROS production in Arabidopsis 
Col-0 plants. Indirect measurement of ROS production upon 50 nM flg22 treatment by luminometry on 
4-week-old Arabidopsis Col-0 plants treated for 24 hours with either 5 µM β-estradiol (red) or equivalent 
DMSO volume (green). Measurement of the ROS production over time on average (A) or integrated over 
one hour (B). Error bars represent the standard error of the average on 16 leaf disk samples. Boxplots 
representation meaning: thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile 
range; and circles, outliers. No significative differences were observed between β-estradiol treated samples 
and the respective DMSO controls (one-tailed Wilcoxon signed-rank test p-value < 0.05). Results from 
two independent experiments are shown. 
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Figure 4.7. RipH1, RipH2 and RipH3 expression in Arabidopsis does not inhibit flg22-induced ROS 
production. Indirect measurement of ROS production over time upon 50 nM flg22 treatment by 
luminometry on 4-week-old Arabidopsis plants treated for 24 hours with either 5 µM β-estradiol (red) or 
equivalent DMSO volume (green). Two independent lines per construct were tested: pER8-ripH1 (A), 
pER8-ripH2 (B), and pER8-ripH3 (C). Error bars represent the standard error of the average on 16 leaf disk 
samples. Results from two independent experiments, when available, are shown. 
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Figure 4.8. RipH1, RipH2 and RipH3 expression in Arabidopsis does not inhibit flg22-induced 
ROS production. Measurement of the ROS production upon 50 nM flg22 treatment integrated over 1 
hour as shown in figure 4.7. Two independent lines per construct were tested: pER8-ripH1 (A), pER8-
ripH2 (B), and pER8-ripH3 (C). Boxplots representation meaning: thick bar, median; box limits, highest 
and lowest value within 1.5 · inter-quartile range; and circles, outliers. No significative differences were 
observed between 5 µM β-estradiol treated samples and the respective DMSO controls (one-tailed 
Wilcoxon signed-rank test p-value < 0.05). Results from two independent experiments, when available 
are, shown. 



            

      

138 

 

 

Figure 4.9. N. benthamiana produces more ROS upon flg22 treatment than A. thaliana. Indirect 
measurement of ROS production upon either 50 nM flg22 or water-mock treatment by luminometry on 
either 4-week-old A. thaliana or N. benthamiana leaves. Measurement of the ROS production over time 
on average (A) or integrated over one hour (B). Error bars represent the standard error of the average on 
48 leaf disk samples. Boxplots representation meaning: thick bar, median; box limits, highest and lowest 
value within 1.5 · inter-quartile range; and circles, outliers. Statistical groups were determined using a 
Kruskal-Wallis test (one-tailed Wilcoxon signed-rank test p-value < 0.05) and are indicated by different 
letters. 
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Figure 4.10. The concentration of flg22 is not the limiting factor for the weak production of ROS 
in Arabidopsis. Indirect measurement of ROS production upon either different concentrations of flg22 
(different shades of green) or water-mock (red) treatment by luminometry on 4-week-old A. thaliana Col-
0 plants. 50 nM flg22 is the concentration used in all tests previously presented (figures 5-9). 
Measurement of the ROS production over time on average (A) or integrated over one hour (B). Error bars 
represent the standard error of the average on 16 leaf disk samples. Boxplots representation meaning: 
thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; and circles, 
outliers. Statistical groups were determined using a Kruskal-Wallis test (one-tailed Wilcoxon signed-rank 
test p-value < 0.05) and are indicated by different letters.
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Figure 4.11. Transient XopP expression in N. benthamiana inhibits flg22-induced ROS production. 
Indirect measurement of ROS production after 50 nM flg22 treatment by luminometry on N. benthamiana 
leaves upon A. tumefaciens-mediated expression of GFP-XopP (orange) or GFP-RanBP1 control (blue). 
Measurement of the ROS production over time on average (A) or integrated over one hour (B). Error bars 
represent the standard error of the mean on 16 leaf disk samples. Boxplots representation meaning: thick 
bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; and circles, outliers. 
Statistical groups were determined are indicated by different letters (one-tailed Wilcoxon signed-rank test 
p-value < 0.05). Results from two independent experiments. (C) Western blot showing the expression of 
GFP-XopP and GFP-RanBP1 fusion proteins detected with an anti-GFP antibody. Ponceau S staining used 
as loading control. 
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Figure 4.12. Pathogenicity of different combination of multiple T3E mutants in Xcc8004 inoculated 
on Arabidopsis. Susceptible ecotype Sf-2 Arabidopsis plants were inoculated by piercing in the central 
vein at a bacterial density of 108 CFU/ml, and infection symptoms were scored at 7 days post inoculation. 
The genes mutated for each polymutant are as follows: Δ6 T3E (shared): hrpW, xopAG, xopAM, xopG, 
xopP and xopQ; Δ5 T3E (random): avrBs1, xopAC, xopH, xopX1 and xopX2; and Δ7 T3E (random): same as 
Δ5 plus hrpW and xopF. Disease index is as follows: 0-1, no symptoms; 1-2, weak chlorosis around the 
inoculation sites; 2-3, stronger and extended chlorosis; and 3-4, necrosis. Xcc8004 wild type highlighted in 
grey for reference. Four plants (four leaves per plant) were inoculated per condition. Two (A) or three (B) 
independent experiments were performed and the results were combined. Boxplot representation 
meaning: thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; and 
circles, outliers. Statistical groups were determined using a Kruskal-Wallis test (one-tailed Wilcoxon 
signed-rank test p-value < 0.05) and are indicated by different letters. Data from (A), extracted from figure 
4.3; and data from random polymutant (B), obtained from E. Lauber (unpublished).  
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Additionally, other shared T3Es were screened for inhibition of ROS production in N. 

benthamiana leaves but these results are presented and discussed in the chapters five (XopAG 

and RipO1) and six (XopJ6). 

4.4 Discussion 

Rps and Xcc T3Es work collectively in bacterial pathogenicity 

In this second part of the results, the contribution of the shared T3Es between Xcc8004 

and RpsGMI1000 in the bacterial pathogenicity and in the modulation of the plant physiology and 

defenses was evaluated. The translocation of T3Es through the T3SS is the major pathogenicity 

determinant on both Rps and Xcc (Boucher, Barberis and Demery, 1985; Arlat et al., 1991). 

However, the contribution of single T3Es to the bacterial pathogenicity is negligible for many of 

them as it has been shown in previously (Cunnac et al., 2004; Guy et al., 2013), and in this work 

(Figures 4.1-4.3). This proves that Rps and Xcc effectors, like those from other plant pathogens, 

are “collectively essential but individually dispensable” (Kvitko et al., 2009; Macho et al., 2012). 

This collective action of Xcc T3Es was shown in the present work by the small additive effect of 

the sextuple mutant lacking all six shared T3Es between Xcc8004 and RpsGMI1000 (Figure 4.3). To 

test whether the random deletion of six other T3Es has the same impact on Xcc pathogenicity, 

this result was compared to a different polymutant generated in the team in the context of a 

different project (a quintuple and a septuple mutant were used instead because no sextuple 

mutant had been generated) (Figure 4.12). Contrary to the sextuple mutant for the shared 

effectors, neither the quintuple nor the septuple random mutants showed a significant decrease 

in Xcc pathogenicity. This could suggest that the shared T3Es contribute more to Xcc 

pathogenicity than other randomly picked T3Es. However, to confidently state that the shared 

T3Es are indeed more important for Xcc pathogenicity than the rest of T3Es, more multiple 

deletion combinations should also be tested. If the contribution to Xcc pathogenicity of the 

shared T3Es were shown to be indeed relevant, it would be interesting to test whether the 

corresponding nine T3Es in Rps also have a similar impact. Another point to discuss about the 

collective effect of the shared T3Es in Xcc pathogenicity is the contribution of xopQ and xopAG, 

the only two genes for which single mutants were significantly impaired in pathogenicity 

(Figure 4.3). Is the decreased pathogenicity of the sextuple mutant a product of the deletion of 

these only two genes or a true collective effect of the six? Single and multiple complementations 

of  
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Figure 4.13. XopAM and RipR ortholog in Erwinia amylovora, DspA/E, is toxic when expressed in 
A. thaliana. (A) Phenotype of four-week-old pER8-GFP and pER8-dspA/E plants grown in non-inducing 
conditions. (B) Five-week-old pER8-dspA/E transgenic plants were sprayed each day with 5 µM β-estradiol 
(+) or DMSO (-) for 3 weeks. The photograph shows representative plants for each treatment. Adapted 
from Degrave et al., 2013. 
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the different shared T3E genes in the sextuple mutant background would allow answering this 

question.  

This work represents the first report for the involvement of XopQ and XopAG genes in 

Xcc pathogenicity (Figure 4.3). XopQ is a known virulence factor in the X. euvesicatoria/tomato 

and pepper (Teper et al., 2014), and X. oryzae pv. oryzae/rice pathosystems (Deb et al., 2019), 

targeting plant 14-3-3 proteins in both cases. This virulence mechanism is shared with its 

ortholog in P. syringae, HopQ1, which also targets 14-3-3 proteins in tomato and N. benthamiana 

(Giska et al., 2013; Li et al., 2013). Both XopQ and HopQ1, together with their Rps ortholog, RipB, 

confer resistance in Nicotiana spp. in a Roq1-dependent manner (Adlung et al., 2016; Schultink 

et al., 2017; Nakano and Mukaihara, 2019). Less known is the involvement of XopAG in virulence, 

which has not been reported in other Xanthomonas. Its X. fuscans ssp. aurantifolii orthologs, 

AvrGf1 and AvrGf2, confer avirulence in different citrus through interaction with chloroplastic 

cyclophilins (Gochez et al., 2015, 2017). Conversely, XopAG ortholog in P. syringae, HopG1, is a 

known virulence factor targeting the mitochondria (Block et al., 2010), and remodeling the actin 

cytoskeleton (Shimono et al., 2016). 

Rps and Xcc T3Es are able to modulate Arabidopsis development 

Despite their role in bacterial pathogenicity, the possible effects of the T3Es directly in 

the plant were dissected through transgenesis. Inducible T3E transgenic Arabidopsis lines were 

generated for fourteen out of the fifteen shared T3Es between Xcc8004 and RpsGMI1000 (Table 4.1). 

The only T3E gene for which no transgenic lines could be generated was XopAM. This gene 

belongs to the AvrE family of T3Es present in several other Gram-negative plant pathogenic 

bacteria such as P. syringae (AvrE), Erwinia amylovora (DspA/E), Pantoea stewartii (WtsE) and 

Rps (RipR). These T3Es are important virulence factors inhibiting SA-mediated basal defenses 

and promoting disease necrosis (DebRoy et al., 2004). E. amylovora DspA/E has been shown to 

be toxic when heterologously expressed in yeast (Siamer et al., 2011), or under inducible 

expression in Arabidopsis where even a residual leaky expression leads to important growth 

defects (Figure 4.13) (Degrave et al., 2013). Rps RipR also seems to affect drastically the growth 

of Arabidopsis (Figure 4.4W). The leaky expression of the pER8 system together with the high 

toxicity of the AvrE T3E family members could explain why no pER8-xopAM and only one pER8-

ripR lines were obtained after several transformation attempts (Table 4.1). 

In total, the inducible expression of single T3E genes in planta led to different 

developmental phenotypes for nine out of the 14 T3E genes tested (Table 4.3 and figure 4.4). 
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These differences go from drastic growth impairments such as the phenotypes observed for 

xopAG, ripH1, ripH2 or ripR transgenic lines; to more moderate but observable phenotypes in 

root architecture such as the ones observed for xopG, xopP or xopQ lines; or in the aerial parts, 

such as the ones observed for ripH3 and ripO1 lines. This unveils the potential of Xcc and Rps 

T3Es to modulate different aspects of plant physiology. Conversely, the expression of other five 

T3E genes did not show any developmental phenotype, at least at the stage observed. This 

suggests that the phenotypes observed for the other nine T3E genes are not caused by the 

heterologous expression of any given bacterial transgene, but are rather specific of given T3Es. 

Orthologous T3Es modulate the Arabidopsis development in similar ways 

Considering the orthology relationship between Xcc8004 and RpsGMI1000 T3Es, in several 

cases the phenotypes observed for one T3E gene are mirrored in the ortholog. This is the case of 

the hrpW/ripW and xopG/ripAX1-2 ortholog pairs which did not show developmental alterations 

in most of the independent lines generated (Table 4.3 and figures 4.4A, 44.F, 4.4L-M and 4.4X). 

This could also be the case of xopQ/ripB which did not show developmental phenotypes in most 

(5/7) and all (2/2) of the lines respectively, although two independent xopQ lines showed 

reduced root growth and this phenotype was never observed in ripB lines (Table 4.3 and figures 

4.4J-K and 4.4N). In the case of xopAG/ripO1 the phenotypes observed, although not identical, 

are all related to plant growth impairments. However, this growth is more drastically affected in 

xopAG lines than in ripO1 lines (Table 4.3 and figures 4.4B-C and 4.4U-V). Conversely, in the 

case of xopP/ripH1-3, macroscopic phenotypes were observed for the majority of the lines but 

they do not necessarily mirror the phenotype observed in the corresponding orthologs. While 

xopP lines generally grow more and produce more lateral roots (although in two independent 

lines the phenotype observed in the opposite), most ripH lines are impaired in growth with ripH1 

and ripH2 being more drastic than ripH3 (Table 4.3 and figures 4.4G-I and 4.4O-T). Altogether, 

it seems like the behavior of most of the different ortholog T3E pairs in planta might be similar 

based on the developmental phenotypes observed. 

The severity of the Arabidopsis developmental phenotypes depends on the level of 

transgene expression 

The lack of any protein tag for the generated transgenic lines, while maximizing the 

chances that the observed phenotypes are linked to the expression of T3E genes, complicates 

the measurement of the T3E accumulation at the protein level. The transcript accumulation was 

measured instead as a proxy by qPCR (Table 4.2), but this entails a bias as it is known that 
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transcription and translation levels are not necessarily correlated (Vogel and Marcotte, 2012; 

Liu, Beyer and Aebersold, 2016). Comparing the results from the transcript accumulation and 

the developmental phenotype for different independent lines of a same construct, it could be 

observed that lines showing drastic phenotypes tend to show higher levels of transgene 

induction than the lines with no developmental phenotypes (Figure 4.14A). Indeed, low 

concentrations of inducer can reverse drastic developmental phenotypes indirectly linking the 

phenotype with the transgene expression (Figure 4.14B). 

XopP, as RipH1-3, inhibits plant basal defenses: another case of functional similarities 

between orthologous T3Es 

Due to the sensitivity of the technique and the relatively low production of flg22-induced 

ROS in A. thaliana (Figure 4.9), the inhibition of the plant basal defenses was not evaluated in 

this species but rather in transiently transformed N. benthamiana leaves. Xcc8004 XopP showed 

a strong, almost complete, inhibition of this classical PTI readout (Figure 4.11) similar to what 

had been previously reported with one of its RpsGMI1000 orthologs, RipH1 , and in lesser extent, to 

RipH2 and RipH3 (Figure 4.5) (Morel, 2018). On a similar note, XopP from X. oryzae pv. oryzae, 

another vascular pathogen, also showed inhibition of basal defense responses, in this case in rice 

(Ishikawa et al., 2014). This provides an additional example of similarities in the mode of action 

of orthologous T3Es from different xylem-colonizing bacteria.  
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Figure 4.14. Drastic alteration phenotypes are correlated with higher levels of induction. (A) Two 
independent lines from a same construct can show different phenotypes depending on the induction 
levels (e.g., MGF396 does not show any developmental alteration and it shows a low level of induction 
whereas MGF402 shows a strong growth impairment and level of induction). Average fold change values 
of the induction using OXA1 and GAPC2 as reference genes (data on table 2). (B) The severity of drastic 
developmental phenotypes can be reduced by decreasing the concentration of inducer. The numbers at 
the bottom indicate the concentration (µM) of β-estradiol. Plants were grown for two weeks in MS agar 
plates supplemented with different concentrations of β-estradiol or equivalent DMSO volume. 
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Chapter 5 

XopAG and RipO1, one of the most 

promising orthologous pair of 

candidates 
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Figure 5.1. Summary of previous results related to Xcc8004  XopAG and RpsGMI1000  RipO1. (A) XopAG 
and RipO1 are the only orthologous T3Es with three putative common targets: BRG3 (AT3G12920), KLCR2 
(AT3G27960) and AT4G17680. Screen capture from EffectorK. (B) Arabidopsis brg3 mutant shows 
reduced disease symptoms upon Xcc infection. Full image: Figure 3.2. (C) Xcc 8004ΔxopAG mutant is 
less virulent than the wild type on susceptible Arabidopsis ecotype Sf-2. Full image: Figure 4.3. (D) 
Arabidopsis klcr2 mutant shows slightly reduced susceptibility to Rps (higher hazard ratio). Full image: 
Figure 3.4 (E) pER8-xopAG and (F) pER8-ripO1 plants show different developmental alterations when the 
transgene expression is induced by β-estradiol (+) compared to the DMSO control (-) for 2 weeks. 
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5.1 Introduction 

Based on the results presented in the previous chapters, one pair of orthologous T3Es 

stood out: XopAG8004 and RipO1 GMI1000. These orthologs are the only pair sharing three putative 

targets in Arabidopsis based on the yeast two-hybrid screenings (Figure 5.1A):  AT4G17680, 

BRG3 (AT3G12920) and KLCR2 (AT3G27960). From the eighteen putative common targets of 

Xcc8004 and RpsGMI1000 T3Es, only three showed differences in susceptibility to Xcc when mutated 

in Arabidopsis. One of them is precisely BRG3, common target of XopAG and RipO1, whose 

mutant showed reduced disease susceptibility (Figure 5.1B). Regarding differences in 

susceptibility to Rps, there were no strong differences, but the only mutant for which a slight 

but constant tendency of reduced susceptibility was observed was klcr2, another common target 

of XopAG and RipO1 (Figure 5.1D). On the bacterial side, xopAG was one of the only two Xcc8004 

T3E genes for which simple deletion mutants showed reduced pathogenicity in a susceptible 

Arabidopsis ecotype (Figure 5.1C). When inducibly expressed in transgenic Arabidopsis lines, 

both xopAG and ripO1 alter the normal development of the plant. Several independent pER8-

xopAG lines showed a drastic growth impairment after germination (Figure 5.1E) whereas pER8-

ripO1 lines showed chlorosis and a weaker growth impairment (Figure 5.1F). Altogether, these 

results suggest that XopAG and RipO1 are able to modulate the plan physiology and might be 

involved in bacterial pathogenicity and at the same time, some of their common putative targets 

seems to play a role in susceptibility to Xcc and Rps. For this reason, further studies were 

conducted to understand better how this pair of orthologous T3Es work. In a first part, the 

phylogeny of XopAG and RipO1 will be analyzed and discussed. Then, the results of the different 

approaches aiming at functionally characterize this couple of candidates will be presented. This 

includes the study of their involvement in bacterial pathogenicity through T3E gene mutants in 

Xcc8004 and RpsGMI1000; the characterization of the developmental phenotypes observed when 

ripO1, and more notably xopAG, are heterologously expressed in Arabidopsis; and the 

determination of their subcellular localization and possible interaction with BRG3, one of their 

common putative targets. 

5.2. XopAG and RipO1 belong to a widespread and poorly 
characterized T3E family 

Orthologs of XopAG and RipO1 were retrieved from public databases by blasting their 

amino acid sequences. Orthologs were found in several plant- and soil-associated proteobacteria 
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Figure 5.2. Schematic alignment of orthologs of XopAG and RipO1 in other bacteria. ClustalW multiple sequence alignment (cost matrix: BLOSUM, gap 
open/extension penalties: 10/0.1) of 20 XopAG/RipO1 orthologs. The color represents the percentage of similarity based on the BLOSUM62 scoring matrix with a 
threshold of 1: black, 100%; dark grey, 80-100%; light grey, 60-80%; and white, less than 60% similar). The GenBank accession numbers of the full-length proteins 
used in the alignment are as follows: EGD09323.1 for AvrGf1/XopAG (Xanthomonas vesicatoria), CEJ44051.1 for AvrGf1 (X. citri), ETC89650.1 for XHC_0818 (X. 
hortorum), AAY47644.1 for XopAG (X. campestris), ABM30884.1 for Aave_0277 (Acidovorax citrulli), PYE74990.1 for DFQ15_12111 (Xylophilus ampelinus), 
TCK32019.1 for B0G84_9147 (Paraburkholderia sp. BL8N3), TWB93065.1 for FBZ93_111104 (Bradyrhizobium macuxiense), WP_160169077.1 for HopG1 
(Bradyrhizobium sp. Ai1a-2), SSFL17055.1 for SAMN04488498_14616 (Mesorhizobium albiziae), WP_146722007.1 for HopG1 (Sinorhizobium meliloti), AVC52551.1 
for RLV_2082 (Rhizobium leguminosarum), AXF78828.1  for HopG1 (Erwinia tracheiphila), CAD17474.2 for RipO1 (Ralstonia pseudosolanacearum), KLD77357.1 for 
Y886_16265 (Xanthomonas hyacinthi), RMU24844.1 for HopG1 (Pseudomonas avellanae), AAO58163.1 for HopG1 (P. syringae), CCA86847.1 for RipO2 (R. syzygii), 
AIP90071.1 for AvrGf2 (X. citri) and KPB44896.1 for HopG1 (P. savastanoi). Constructed with MEGA X (Kumar et al., 2018).  
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including other plant pathogens (e.g., Xanthomonas, Ralstonia, Pseudomonas, Erwinia or 

Xylophilus spp.) and nitrogen-fixing rhizobia (e.g., Rhizobium, Sinorhizobium, Mesorhizobium 

or Bradyrhizobium spp.). The degree of conservation among the retrieved sequences was 

considerably high with global percentages of similarity and identity of 49.4% and 16.9% 

respectively (Figure 5.2). Despite the broad distribution among different proteobacteria, little 

is known about this family of T3Es. Only three members have been functionally characterized: 

P. syringae HopG1 induces changes in actin organization and inhibits plant defense targeting the 

plant mitochondria (Block et al., 2010; Shimono et al., 2016). AvrGf1 and AvrGf2 are HR inducers 

that control the host range of X. citri strains among citruses and target the plant chloroplasts 

(Figueiredo et al., 2011; Gochez et al., 2015, 2017). No functional domains were predicted on 

RipO1 nor XopAG except for a C-terminal cyclophilin (Cyp)-binding motif (Block et al., 2010), 

conserved in most XopAG and RipO1 orthologs (Figure 5.3). 

The phylogeny of the family of XopAG and RipO1 was reconstructed based on the 

multiple sequence alignment presented. Two main groups could be differentiated (Figure 5.4): 

group I, larger and containing T3Es from plant pathogenic, symbiotic and environmental 

bacteria; and group II, smaller and containing exclusively plant pathogen T3Es. Previously 

characterized P. syringae HopG1 and X. citri AvrGf2 belong to this second group whereas XopAG 

and RipO1 belong to group I. Within the group I, XopAG is located in a monophyletic clade with 

T3Es from other Xanthomonas species such as X. citri AvrGf1. This suggests that XopAG and 

AvrGf1 have a common antecessor present possibly before the speciation of the Xanthomonas 

genus. Within X. campestris strains, xopAG is practically exclusive to pathovar campestris (Roux 

et al., 2015), but is present in all of this pathovar strains, constituting thus a “core” Xcc T3E (Guy 

et al., 2013) (Table 5.1). This supports an ancient origin of xopAG within the Xcc lineage and 

suggests a possible strong selective pressure. Other Xanthomonas effectors such as AvrGf2 from 

X. citri and Y886_16265 from X. hyacinthi, belong to the group II and are not closely related to 

each other but rather with other Pseudomonas effectors, suggesting two independent horizontal 

gene transfer events in two different Xanthomonas species. RipO1 also belongs to group I; 

however, its position within the group is clearly divergent from the rest of members 

complicating the inference of its possible origin. However, regarding the distribution of ripO1, 

present in the majority of R. pseudosolanacearum and R. solanacearum strains (Table 5.1), it 

seems likely that the acquisition of ripO1 occurred early, before the speciation of the RSSC. The 

other Ralstonia member of the family, R. syzygii RipO2, belongs to the group II and is more 

related to Pseudomonas and to horizontally-transferred Xanthomonas T3Es than to RipO1. It is 
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Figure 5.3. Multiple sequence alignment of AvrGf2, HopG1, RipO1 and XopAG. ClustalW multiple 
sequence alignment (Cost matrix: BLOSUM, gap open/extension penalties: 10/0.1) of AvrGf2 from X. citri 
pv. auranaurantifolii AvrGf2 (AIP90071.1), HopG1 from P. syringae pv. tomato (AAO58163.1), RipO1 from 
Rps (CAD17474.2) and XopAG from Xcc (AAY47644.1) using their full-length amino acid sequences. The 
background color represents the percentage of similarity based on the BLOSUM62 scoring matrix with a 
threshold of 1: black, 100%; grey, 60-100%; and white, less than 60% similar). The conserved cyclophilin-
binding site (GPxL) is squared in red. 



            

      

154 

 

 

Figure 5.4. Phylogeny of orthologs from XopAG and RipO1 in other proteobacteria. Neighbor-
Joining tree with bootstrap support values (1000 replicates) indicated above each node. The scale bar 
indicates the evolutionary distance in number of amino acid substitutions per site computed using the 
Poisson correction method. XopAG and RipO1 are highlighted in bold. Red, yellow and green faces 
represent plant pathogenic, environmental and symbiotic bacteria respectively. Groups were determined 
based on the first bifurcation of the tree. The GenBank accession numbers of the full-length proteins used 
in the alignment and construction of the tree are indicated in figure 5.2. Constructed with MEGA X 
(Kumar et al., 2018).  

 

 

Table 5.1. Distribution of xopAG and ripO1 within X. campestris pathovars and the Ralstonia 
solanacearum species complex strains.  

 
a Number of strains in which the effector gene is present or absent. For the RSSC strains, only strains 
sequenced with a level of stringency 2 were considered. 
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Figure 5.5. Pathogenicity of Xcc 8004ΔxopAG in the ΔxopAC background. Arabidopsis Col-0 ecotype 
plants were inoculated by piercing in the central vein at a bacterial density of 108 CFU/ml, and infection 
symptoms were scored at 7 (A) and 10 (B) days post inoculation. The strains tested were Xcc 8004ΔxopAC 
(ΔAC), ΔxopAC-xopAG (ΔAC-AG) and ΔxopAC-xopAG complemented with a genomic insertion of xopAG 
under the control of its natural promoter (ΔAC-AG::AG). Disease index is as follows: 0-1, no symptoms; 1-
2, weak chlorosis around the inoculation sites; 2-3, stronger and extended chlorosis; and 3-4, necrosis. Six 
plants (four leaves per plant) were inoculated per condition (except MgCl2 mock control, only two plants). 
Three independent experiments were performed and the results were combined. Boxplot representation: 
thick bar, median; box limits, highest and lowest value within 1.5 · inter-quartile range; and circles, 
outliers. Statistical groups were determined using a Kruskal-Wallis test (one-tailed Wilcoxon signed-rank 
test p-value < 0.05) and are indicated by different letters. 
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thus likely that RipO1 and RipO2 have had different origins, and that the latter has been 

horizontally transferred.  

5.3. XopAG and in lesser extent RipO1 are involved in 
bacterial pathogenicity 

Bacterial single xopAG and ripO1 mutants had been previously tested for pathogenicity 

in susceptible Arabidopsis and tomato plants respectively. While Rps GMI1000ΔripO1 did not 

show reduced pathogenicity in tomato, Xcc 8004ΔxopAG showed reduced pathogenicity in 

Arabidopsis (Figure 5.1C). As most Arabidopsis resources are available in the resistant ecotype 

Col-0, the ΔxopAG mutation was introduced in the compatible Xcc strain 8004ΔxopAC. 

Similarly to what was observed in Sf-2, 8004ΔxopAC-xopAG mutant showed reduced 

pathogenicity compared to the single ΔxopAC mutant (Figure 5.5). To test whether the observed 

difference in pathogenicity was due to bacterial fitness, in vitro growth curves in rich and poor 

media were measured. No differences between Xcc 8004ΔxopAC and ΔxopAC-xopAG were 

observed in any of the media (Figure 5.6). The reduced pathogenicity was restored when xopAG 

was complemented by a genomic insertion under the control of its natural promoter (Figure 

5.5). Altogether, this proves that the observed reduced pathogenicity of the double mutant is 

indeed caused by the absence of xopAG, evidencing that XopAG is a virulence factor in Xcc on 

Arabidopsis. 

To evaluate whether RipO1 could act as virulence factor in Arabidopsis similarly to 

XopAG, Rps GMI1000ΔripO1 was inoculated on susceptible Arabidopsis Col-0 ecotype. In two 

out of three independent experiments performed, there was a slight reduction of pathogenicity 

compared to the wild-type strain, but in a third experiment, this difference was not observed 

(Figure 5.7). This suggests that, while it is possible that RipO1 acts as a virulence factor in 

Arabidopsis, its effect is too small to be observed with three independent experiments. 

Additional experiments and/or more sensitive assays would be required to assess RipO1 possible 

virulence function in Arabidopsis. 

A typical role of T3E in virulence is the inhibition of the host basal defenses. As a readout 

of early plant defense responses, the flg22-induced production of ROS was measured while 

transiently expressing XopAG and RipO1 in N. benthamiana leaves (Sang and Macho, 2017). 

XopAG inhibits significantly the ROS burst upon flg22-treatment (Figures 5.8A-B). Conversely, 

RipO1 possible inhibition of the ROS burst is much weaker and not statistically significant  
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Figure 5.6. In vitro growth curve of Xcc 8004 wild type, ΔxopAC and ΔxopAC-xopAG. Bacterial 
growth measured spectrophotometrically (optical density at a wavelength of 600 nm) over 25 hours on 
Moka (A) and MME (B) medium. Each point represents the mean of eight replicates coming from two 
independent bacterial pre-cultures. Error bars indicate the standard error of the mean. 
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Figure 5.7. Pathogenicity of Rps GMI1000 wild type and ΔripO1 strains inoculated on susceptible 
Arabidopsis plants. (A) Survival curves scored for up to 10 days after soil-drenching inoculation of 
Arabidopsis ecotype Col-0 plants with RpsGMI1000 wild type (red) and ΔripO1 (green). Plants were drenched 
in bacterial suspension at 108 CFU/ml. Three independent experiment were conducted with 25 
(experiment 1) or 50 (experiments 2 and 3) plants inoculated per strain. The p-value (Mantel-Cox logrank 
test) of the comparison of the curves of each experiment is indicated in the corresponding graph. (B) 
Dotplot representing the hazard ratio of each survival curve using GMI1000 as reference. Results from the 
three independent experiments are shown. Black lines indicate the mean and the grey dotted line is 
located at a constant ratio of 1 for reference. No statistically significant differences were observed (One 
sample t-test, comparison with Col-0 plants, p-value < 0.05). 
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Figure 5.8. Transient expression of XopAG but not RipO1 inhibits flg22-induced ROS production. 
Measurement of ROS production after flg22 treatment on N. benthamiana leaves upon A. tumefaciens-
mediated expression of XopAG-GFP (red, A-B) or RipO1-GFP (red, C-D) or GFP-RanBP1 (green). 
Measurement over time on average (A,C) or integrated over one hour (B,D). Results combined from two 
independent experiments. Error bars represent the standard error of the mean on 32 leaf disk samples. 
Boxplots representation meaning: thick bar, median; box limits, highest and lowest value within 1.5 · inter-
quartile range; and circles, outliers. Red asterisk indicates difference with GFP control statistically 
significant (one-tailed Wilcoxon signed-rank test p-value < 0.05). (E) Expression of XopAG/RipO1-GFP 
and GFP-RanBP1 detected with an anti-GFP antibody by Western blot. Ponceau S staining for loading 
reference 
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(Figure 5.8C-D). This is in agreement with the previously described role as virulence factor of 

these two T3Es which has been observed for XopAG, but not (or at least not clearly) for RipO1. 

5.4. First steps to dissect the genetic bases of xopAG-
mediated developmental phenotype in Arabidopsis 

Several independent xopAG and ripO1 transgenic Arabidopsis lines showed altered 

developmental phenotypes. These alteration appeared to be stronger in xopAG transgenic lines 

(plants stopped growing after germination on inducing β-estradiol-containing medium) than in 

ripO1 lines (plants grew less and were chlorotic) (Figures 5.1E-F). When these lines were grown 

at lower concentrations of β-estradiol, the severity of the developmental alterations was also 

reduced. pER8-xopAG lines could grow after germination at concentrations of 1 µM β-estradiol 

although chlorotic and visibly less than non-induced plants (Figure 5.9A). Same growth as non-

induced plants and lack of chlorosis were observed only at 0.01 and 0.005 µM β-estradiol 

(Figure 5.9A). pER8-ripO1 grew similarly to non-induced plants at concentrations of 0.01 µM β-

estradiol but showed chlorosis in all tested β-estradiol concentrations, even at 0.001 µM (Figure 

5.9B). It is therefore possible that the apparently different phenotypes first reported in these two 

transgenic lines (i.e. xopAG drastic growth arrest and ripO1 chlorosis and slightly reduced 

growth) might not be that different after all, but rather a similar phenotype shown with different 

intensity. This could indicate that XopAG and RipO1 are able modulate the plant physiology in 

a similar manner. 

It is precisely due to the strong phenotype observed on certain pER8-xopAG lines that a 

suppressor screening was envisaged, similar to what had been already used in the dissection of 

the genetic basis of xopAC-mediated resistance (G. Wang et al., 2015). Around 13,000 seeds from 

MGF29 and its sister line MGF34 (pER8-xopAG, phenotype in figure 5.1E), were EMS-

mutagenized and grown on soil. 3,264 of these M1 plants were grown individually. The progeny 

of 2,502 independent M1 lines were harvested indicating that there was 17% of loss caused by 

sterility of certain lines and temperature/drought stress linked to technical problems in the 

greenhouse. Up to date, 1,248 M2 populations (49.9% of the total) have been screened for 

suppression of xopAG-mediated phenotype. 62 possible suppressors from independent M2 

populations were identified and grown individually. The suppressor phenotype was confirmed 

for ten of the resulting M3 populations, hereafter named suppressor of xopAG-mediated  
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Figure 5.9. Phenotype of pER8-xopAG and pER8-ripO1 transgenic lines grown in different 
concentrations of inducer. Photos of Arabidopsis plantlets grown for two weeks on MS-agar plates 
supplemented with either different concentrations of β-estradiol (indicated by numbers at the bottom) 
or equivalent DMSO volume (o).  
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Figure 5.10. Phenotype of suppressor of xopAG-related phenotype (sxg) lines. Photos of Col-0, 
pER8-xopAG (MGF29) and ten independent M3 sxg Arabidopsis plants. Plantlets were grown for 12 days 
on vertical 5 µM β-estradiol MS-agar plates.  
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phenotype (sxg) 1-10 (Figure 5.10). In addition to its suppression phenotype, sxg4 showed 

enhanced growth of cotyledons and sxg10, increased root length. 

Alternatively, a more straightforward and time-saving strategy was also conducted 

taking advantage of previously generated results and material. Assuming that the XopAG targets 

identified previously through yeast two-hybrid truly interact with XopAG in planta, it could be 

possible that they are thus involved in xopAG-mediated phenotype. To explore this, one of the 

pER8-xopAG transgenic lines used in the suppressor screening, was crossed with T-DNA 

mutants of four identified targets of XopAG: the three common targets of XopAG and RipO1; 

BRG3, KLCR2 and AT4G17680; and an exclusive target of XopAG, AT4G0190, an hypothetical 

protein involved in wound-induced lateral root formation (Justamante et al., 2019). The 

resulting F2 populations have been generated and are currently under analysis. 

5.5. XopAG and RipO1 co-localize with BRG3 in the 
nucleus 

To better characterize the function of XopAG and RipO1, C-terminal translational 

fusions of CFP and YFP with both XopAG and RipO1 were generated. These constructs were A. 

tumefaciens-mediated expressed in N. benthamiana leaves and observed with a fluorescence 

microscope. The localization of both XopAG and RipO1 in combination with both fluorochromes 

was always the same: they are both nucleocytoplasmic (Figure 5.11). Previously characterized 

members of the XopAG/RipO1 family of T3Es had been described to localize in mitochondria, 

such as HopG1 (Block et al., 2010); or in chloroplasts, such as AvrGf1 (Figueiredo et al., 2011) or 

AvrGf-2 (Gochez et al., 2017). 

The subcellular localization of two of the common putative targets of XopAG and RipO1 

has been already described: BRG3 is located in the nucleus (Bae et al., 2003) whereas KLCR2 is 

located in the plasma membrane (Benschop et al., 2007). The nuclear localization of BRG3 

together with the phenotype of brg3 mutant in susceptibility to Xcc (Figure 5.1B), made it a 

particularly interesting candidate for further analyses. C-terminal translational fusions of CFP 

and YFP with A. thaliana BRG3 were constructed and transiently co-expressed with the 

reciprocal XopAG or RipO1 construct in N. benthamiana leaves. The co-localization of XopAG-

CFP and RipO1-CFP with BRG3-YFP at the nucleus was observed by confocal microscopy (Figure 

5.12). Two types of nuclei were observed in both combinations: nuclei where the fluorescent 

signal was diffuse throughout all the nucleus except the nucleolus, and nuclei where the signal   
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Figure 5.11. Subcellular localization of XopAG- and RipO1-CFP fusion proteins. Fluorescence 
microscopy images of N. benthamiana leaves transiently expressing either XopAG (A-B) or RipO1 (C-D) 
fused to either CFP (A, C) or YFP (B, D). Western blot showing the expression of XopAG-CFP and RipO1-
CFP (E) and XopAG-YFP and RipO1-YFP (F) fusion proteins with an anti-GFP antibody. Ponceau S staining 
used as loading control
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Figure 5.12 (1/2). Nuclear co-localization of XopAGCF-CFP and RipO1-CFP with BRG3-YFP fusion 
proteins. (A) Confocal laser scanning microscopy images of N. benthamiana leaves transiently expressing 
either XopAG-CFP (top) or RipO1-CFP (bottom) and BRG3-YFP. The CFP (wavelength = 448-509 nm) and 
YFP (wavelength = 525-600 nm) signals are shown in blue and yellow respectively. The white scale bar 
represents 20 µm. (B) Western blot showing the expression of XopAG-CFP, RipO1-CFP and BRG3-YFP 
and detected with an anti-GFP antibody. 
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Figure 5.12 (2/2). Nuclear co-localization of XopAG-CFP and RipO1-CFP with BRG3-YFP fusion 
proteins. (A) Confocal laser scanning microscopy images of N. benthamiana leaves transiently expressing 
either XopAG-CFP (top) or RipO1-CFP (bottom) and BRG3-YFP. The CFP (wavelength = 448-509 nm) and 
YFP (wavelength = 525-600 nm) signals are shown in blue and yellow respectively. The white scale bar 
represents 20 µm. (B) Western blot showing the expression of XopAG-CFP, RipO1-CFP and BRG3-YFP 
and detected with an anti-GFP antibody. Ponceau S staining for loading reference. 
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Figure 5.13. FRET-FLIM measurements of interactions between BRG3-CFP and XopAG-YFP and 
RipO1-YFP. (A) Histogram representing the distribution of nuclei according to the measured CFP lifetime 
of BRG3-CFP fusion protein in the presence (yellow) or absence (blue) of XopAG-YFP fusion protein. 
Values were obtained from three different foliar discs 48 hours after A. tumefaciens-mediated 
transformation of N. benthamiana leaves. Two independent experiments were performed and the results 
were combined. (B) Results from FRET-FLIM measurements. For each nuclei, average fluorescence decay 
profiles were plotted and fitted with exponential function using a non linear square estimation procedure 
and the mean and standard error of the mean lifetime were calculated. The exclamation point indicate 
preliminary result that needs to be corroborated. a For each nucleus, average fluorescence decay profiles 
were plotted and fitted with exponential function using a non linear square estimation procedure and the 
mean and standard error of the mean lifetime were calculated. b Student’s t test p-value of the difference 
between the donor lifetimes in the presence/absence of acceptor. (C) Western blot showing the expression 
of BRG3-CFP and XopAG-YFP detected with an anti-GFP antibody. Ponceau S staining for loading 
reference.



            

      

168 

 

was concentrated in aggregates. If left longer, both XopAG and RipO1-transformed plants show 

chlorosis in the infiltration area (Noe Arroyo Vélez, unpublished data), what could indicate that 

XopAG and RipO1 might trigger cell death in N. benthamiana. Whether these aggregates are 

thus a product of cell-death degradation is or true nuclear bodies is hard to assess at this stage. 

Given the interaction detected by yeast two hybrid and the nuclear co-localization of 

BRG3 with both T3Es, the different CFP and YFP constructs generated were used to detect 

possible protein-protein interaction through fluorescence resonance energy transfer-

fluorescence lifetime imaging microscopy (FRET-FLIM) (Fricker, Runions and Moore, 2006). 

The CFP lifetime of the BRG3-CFP fusion protein was significantly reduced when co-expressed 

with XopAG-YFP compared to when it was expressed alone (Figure 5.13). This indicates that 

XopAG-YFP and BRG3-CFP physically interact in the nucleus validating through a different 

technique the yeast two-hybrid detected interaction. The CFP lifetime of BRG3-CFP was also 

measured in co-expression with RipO1-YFP and YFP alone but due to problems in the expression, 

not enough co-transformed nuclei could be measured to properly compare with BRG-CFP alone. 

In the case of the co-expressed YFP control, thirteen nuclei were measured with an average CFP-

lifetime of 3.56 ± 0.29 ns, which corresponds approximately to the peak of CFP-lifetime of BRG3-

CFP alone. If confirmed, this result would suggest that YFP alone does not interact with BRG3-

CFP validating thus the specificity of the interaction between XopAG-YFP and BRG3-CFP. In the 

case of RipO1-YFP, only four co-expressed nuclei were measured with an average CFP-lifetime 

of 2.72 ± 0.28 ns, which is even less than when co-expressed with XopAG-YFP. If confirmed, this 

result would suggest that RipO1 also interacts with BRG3. 

5.6. Discussion 

Is XopAG the “big cousin” of RipO1? 

Altogether, the results presented in this third chapter have brought together and 

expanded what has been done to characterize the roles of the most promising pair of candidates: 

XopAG and RipO1. XopAG is involved in Xcc pathogenicity (Figure 5.5), inhibits the flg22-

induced ROS burst (Figures 5.8A-B), and alters drastically the growth when expressed in 

transgenic Arabidopsis plants (Figure 5.9A). RipO1, on the other hand, might be slightly 

involved in Rps virulence (Figure 5.7), inhibits very weakly the flg22-induced ROS burst 

(Figures 5.8C-D), and confers a similar but weaker phenotype than XopAG in Arabidopsis 

(Figure 5.9B). This could indicate either that the mode of action of this pair of orthologs differ 

substantially, or that it is indeed similar but varies in the level of intensity, stronger in the case 
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of XopAG compared to RipO1. This second hypothesis opens an interesting question: could it be 

possible that the differences observed reflect the condition of Arabidopsis as a natural host of 

Xcc (Buell, 2002) and not of Rps? To assess which hypothesis is true, more insight into the 

molecular functions of these two effectors would be required. However, certain simple 

experiments could help to support either one or the other hypothesis in a fast and 

straightforward manner. One such experiment, which was planned but could not be performed 

in time, is the cross-complementation of Xcc 8004ΔxopAG reduced pathogenicity in 

Arabidopsis with RpsGMI1000 ripO1. Cross-complementation of orthologous bacterial hrp genes 

has already been used to establish functional similarities and differences (Wei and Beer, 1995; 

Bogdanove et al., 1998). Equally interesting would be the cross-complementation in the opposite 

sense. However, considering the weak phenotype of the RpsGMI1000 ΔripO1 mutant, this would be 

much harder to detect. If the cross-complementation worked, suggesting that XopAG and RipO1 

function similarly but with different intensity, this would provide a great opportunity for further 

functional and structural analyses. Considering the high level of conservation between both 

(43.4% pairwise identity) (Figure 5.3), domain shuffling between XopAG and RipO1 could 

potentially reveal the amino acids responsible for the difference in intensity of the phenotype. 

In this matter, the differences observed in the inhibition of the flg22-induced ROS burst could 

be exploited as a quantitative, fast an easy readout of the function intensity of different chimeric 

XopAG/RipO1 T3Es. This would contribute to better characterize functionally XopAG and 

RipO1, and potentially other members of this poorly characterized family of bacterial T3Es.  

A sequence-similar but localization- and functionally-diverse T3E family 

Looking at their position in the phylogeny of the family, XopAG and RipO1 are not 

particularly close to each other (Figure 5.4). Although they both belong to the group I, RipO1 is 

clearly different from the rest of members whereas XopAG is more closely related to other 

Xanthomonas T3Es, including the chloroplast-localized AvrGf1 from X. citri. However, XopAG 

presented nucleocytoplasmic localization (Figure 5.11), indicating that the proximity in the tree 

does not necessarily reflect a common subcellular localization. This can be at least partially 

explained by high level of divergence at the N-terminus (Figures 5.2), where the signals for the 

chloroplast localization of AvrG1 and AvrGf2 (Figueiredo et al., 2011; Gochez et al., 2017) and 

mitochondrial localization of HopG1 were found (Block et al., 2010). The only characterized 

functional domain of the family is the conserved Cyp-binding motif (Figure 5.3), which is 

required for AvrGf-2 mediated HR and chloroplast localization (Gochez et al., 2017), but not for 

HopG1 mitochondrial localization (Block et al., 2010). This suggests that despite their strong 
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sequence homology, different members of the family can present different functions based on 

their different subcellular localizations. Yet, as XopAG and RipO1 are both nucleocytoplasmic 

(Figure 5.11), this is not a major concern for assuming that they might function similarly. 

XopAG and RipO1 have been probably horizontally acquired and benefited from strong 

selective pressure 

HopG1 was described to be horizontally acquired in Pseudomonas and undergo 

considerably high rates of gene gain/loss within the P. syringae species complex (Rohmer, 

Guttman and Dangl, 2004; Dillon et al., 2019). The lower GC percentage of both xopAG (56.7%) 

and ripO1 (61.5%) compared to the average of the genomes of Xcc (~ 65%) and Rps (~ 69%) and 

the wide distribution among different plant-associated proteobacteria could suggest that both 

genes have been also acquired horizontally. However, contrary to hopG1 in the P. syringae 

species complex, xopAG and ripO1 are present in the majority of sequenced Xcc and Rps strains 

(Table 5.1). This indicates that the horizontal acquisition of xopAG and ripO1 occurred anciently 

and that they might have benefited from a relatively strong selective pressure that other 

orthologs such as HopG1 might have not. Further genomic analyses taking advantage of the large 

number of Xcc, Rps and P. syringae sequenced genomes available would allow to corroborate 

this hypothesis. If true, this could indicate that the virulence roles of this T3E family are more 

important to Xcc and Rps than they are to P. syringae. Considering the vascular nature of these 

two pathogens, this opens the following question: are XopAG/RipO1 orthologs particularly 

important among vascular pathogens? Dissecting the roles of these two effectors could provide 

meaningful biological sense to this possible higher selective pressure among vascular pathogen. 

What can we learn about XopAG and RipO1 looking at their orthologs? 

Some other members of XopAG and RipO1 family had been previously characterized and 

their molecular functions can provide some clues about the molecular mechanisms for XopAG 

and RipO1 possible virulence function. X. citri AvrGf1 and AvrG2 are both able to trigger cell-

death in different citrus species controlling thus the host range of the different X. citri subspecies 

(Rybak et al., 2009; Gochez et al., 2015). Both orthologs are localized in the chloroplast 

(Figueiredo et al., 2011; Gochez et al., 2017). Little is known about AvrGf1 mode of action despite 

that its chloroplast localization is required for triggering cell-death (Figueiredo et al., 2011). 

Characterized more in detail is its ortholog AvrGf2, whose interaction with a plant cyclophilin 

is required for the accumulation of ROS and subsequent cell death (Gochez et al., 2017). To this 

end, they introduced two modified versions of the Cyp-binding motif that allowed a weak 
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interaction or the inhibition of the interaction with the plant cyclophilin. Whether this motif is 

required for XopAG and RipO1 virulence functions would be interesting to study but if it is, these 

two modification could serve to dissect the implication of the interaction with cyclophilins. 

Nonetheless, no cyclophilin proteins were identified as putative targets of neither XopAG nor 

RipO1. 

P. syringae HopG1 is able to suppress both PTI and ETI responses by targeting the plant 

mitochondria reducing the respiration levels and increasing the basal concentration of ROS 

(Block et al., 2010). They also showed that constitutive expression of hopG1 in Arabidopsis, 

tomato and tobacco conferred stunted growth, increased number of leaves and inflorescences 

and infertility. This is particularly interesting because both xopAG and ripO1 also showed drastic 

phenotypes when inducibly expressed in Arabidopsis (Figure 5.9). However, these phenotypes 

are different from hopG1-mediated phenotypes, indicating that although all three T3Es have the 

potential to modulate the plant physiology, their mode of action might differ, probably due to 

their different subcellular localization. In a different study, it was shown that HopG1 is 

responsible for P. syringae-induced actin remodeling through interaction with a mitochondrial 

kinesin (Shimono et al., 2016). Interestingly, a kinesin related protein, KLR2, is one of the three 

common targets of RipO1 and XopAG (Figure 5.1A), and the only gene for which a mutant 

showed a slight decrease in susceptibility to Rps (Figure 5.1D). While the characterization of 

this putative target was not prioritized in favor of BRG3, KLCR2 remains an interesting candidate 

whose interaction with XopAG and RipO1 and possible involvement in plant susceptibility are 

worth studying.  

Additionally, HopG1 had been also characterized for inhibiting the P. syringae-induced 

reduction of vascular flow into minor veins in N. benthamiana leaves (Oh and Collmer, 2005). 

While this was just exploited as an easy and fast readout for plant basal defenses at the time, it 

opens a new perspective in the context of vascular pathogens. Indeed, orthologs from HopG1 

have been identified in many xylem-colonizing bacteria including not only Xcc and Rps, but also 

X. hortorum (Barel et al., 2015), X. hyacinthi (Janse, 2005), R. syzygii (Safni, Subandiyah and 

Fegan, 2018), Erwinia tracheiphila (Shapiro et al., 2018), and Xylophilus ampelinus (Grall and 

Manceau, 2003). As vascular pathogens, disease progression relies on the colonization and 

multiplication within the xylem. Therefore, the plant ability to respond by reducing the xylem 

flow could prevent or delay the progression of the infection and some pathogens have evolved 

T3E that are able to inhibit this flow reduction. In the same study where HopG1 was identified, 

other four P. syringae T3Es were also identified as inhibitors of the vascular flow reduction (Oh 
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and Collmer, 2005).  Among them there is AvrE, ortholog of XopAM and RipR, another couple 

of shared T3E between Xcc8004 and RpsGMI1000. Whether the inhibition of this defense-related 

reduction of the xylem flow can be achieved by HopG1 orthologs from vascular pathogens, 

notably XopAG and RipO1, is worth studying. If that were the case, it would be interesting to 

test other orthologs in other species to evaluate whether this is an extended and/or specific 

strategy among xylem-colonizing bacteria. 

What can we learn about XopAG and RipO1 without looking at their orthologs? 

Although informative clues, it is not sure that XopAG and RipO1 behave as previously 

characterized member of their family. Being guided for what has been described in orthologous 

T3Es, although it is a straightforward and time-saving strategy, might prevent exploring the full 

potential mode of action of an effector. For this reason, and taking advantage of the strong 

phenotype of the transgenic pER8-xopAG lines (Figure 5.1E), an unbiased suppressor screening 

was initiated. While it is still ongoing, 10 independent suppressor lines have been already 

identified (Figure 5.10). Although time-consuming, this approach will allow to dissect the 

genetic bases of the xopAG-related phenotypes without any a priori. However, at this stage it is 

not possible to link directly this xopAG-related phenotype with XopAG virulence function. 

Experiments aiming at connecting these two aspects should be a priority as soon as more insight 

is acquired on either one of them (e.g., testing the impact on susceptibility to Xcc of plant genes 

genetically involved in the xopAG-mediated phenotype).  Additionally, and as the pER8-ripO1 

phenotype seem to be similar to those of weakly induced pER8-xopAG plants, testing whether 

the future identified suppressor mutations are also able to suppress ripO1-mediated phenotype 

should also be done. If that was the case, this would provide further evidence for the possible 

functional similarities of these two orthologous T3Es. 

While waiting for the results of the suppressor screening, a possible mechanism for 

XopAG and RipO1 virulence based on the results presented in previous chapters is currently 

being explored: the interaction with Arabidopsis BOI-Related Gene 3 (BRG3). BRG3 co-localizes 

with XopAG and RipO1 in the nucleus (Figure 5.12), and interacts with both of them by yeast 

two-hybrid (Figure 5.1A), confirmed in the case of XopAG by FRET-FLIM (Figure 5.13). 

Arabidopsis brg3 mutants show reduced disease symptoms upon infection with a compatible 

Xcc strain (Figure 5.1B), acting thus as an Arabidopsis susceptibility factor. BRG3 belongs to a 

subclass of RING E3 ubiquitin ligases involved in the defense against necrotrophic fungus B. 

cinerea and salt tolerance (Luo et al., 2010). While the E3 ligase activity in vitro has only been 

confirmed for BOI, the founding member of the BRG family, both BOI and all BRGs (including 
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BRG3) are positive regulators of the plant defense responses against B. cinerea and negative 

regulators of P. syringae-induced cell death (Figure 5.14) (Luo et al., 2010). The molecular 

mechanisms behind this are still unknown although for BOI it is suggested that is linked to the 

interaction and ubiquitination of the MYB transcription factor Botrytis Susceptible 1 (BOS1) (Luo 

et al., 2010). However, none of the BRGs interact with BOS implying that, even if they relied on 

their putative E3 ligase activity, their targets might differ. Given the impact of BRG3 in 

susceptibility to Xcc, it would be interesting to test whether BRG3 truly possesses E3 ligase 

activity and if it does, to test if this activity is required for its role in susceptibility and to identify 

its ubiquitination targets (Figure 5.14). Additionally, although the interaction with XopAG has 

been confirmed, it has not been yet studied whether this interaction modulates somehow BRG3 

activity linking thus XopAG virulence and BRG3 susceptibility functions. Considering the 

functional redundancy among BRGs (Luo et al., 2010), it would also be interesting to test 

whether XopAG and RipO1 can also interact with BOI and other BRGs. Finally, although the 

virulence function of RipO1 might be weaker and the interaction with BRG3 has not yet been 

corroborated by a different technique, it is possible that the same mechanisms discovered for 

BRG3-dependedant XopAG virulence apply for RipO1. Therefore, it would also be worth testing. 
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Chapter 6 

Evolutionary history of XopJ6, a PopP2 

ortholog translocated into plants by X. 

campestris pv. campestris to interfere 

with plant immunity 
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Figure 6.1. XopJ6 is an RRS1/RPS4-dependant avirulence factor in Arabidopsis. Disease symptoms 
at 10 dpi after wound-inoculation (top) and bacterial population at 0 (grey) and 3 (black) dpi after 
mesophyll infiltration (bottom) on 4-weeks-old Arabidopsis Ws-0 wild-type (WT) and rrs1-rps4 plants. 
CN06, CN06∆xopJ6 (∆J6) and CN06∆xopJ6::xopJ6 (∆J6::J6); and 8004∆xopAC (∆AC), 
8004∆xopAC::xopJ6CN06 and 8004 ∆xopAC::xopJ6CN13 bacterial strains were inoculated at 108 and 105 
CFU/ml for wound inoculation and mesophyll-infiltration respectively. Images are representative of the 
median disease index obtained from 24 leaves from three independent experiments. Boxplots represent 
the combination of three independent experiments with 17 and 27 values per point at 0 and 3 dpi 
respectively. Statistical groups were determined using non parametric Kruskal-Wallis test (p-value<0.01) 
and are indicated by different letters. Results from E. Lauber (LIPM) 

 

Table 6.1. XopJ6 interacts with RRS1-R and dissociates it from DNA contrary to XopJ6CN13. FRET-
FLIM measurements of interactions between RRS1-R-YFP and XopJ6-CFP, XopJ6C409A(CA, catalytic 
mutant)-CFP and XopJ6CN13-CFP (top) and between RRS1-R-GFP and Sytox-labelled DNA in the presence 
of XopJ6-3HA and XopJ6-CA-3HA (bottom) in transiently transformed N. benthamiana leaves. Results 
from L. Deslandes, M. Escouboué, C. Vicedo (LIPM) and C. Pouzet (FRAIB imagery platform).  

 
a For each nucleus, average fluorescence decay profiles were plotted and fitted with exponential function 
using a non linear square estimation procedure and the mean and standard error of the mean lifetime 
were calculated. 
b Student’s t test p-value of the difference between the donor lifetimes in the presence/absence of 
acceptor. 
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6.1 Introduction 

Previous work in the group identified a new Xcc avirulence protein recognized by certain 

A. thaliana and cabbage genotypes: the type III effector XopJ6. xopJ6 encodes a putative acetyl 

transferase from the YopJ effector family that is closely related to Rps PopP2/RipP2, whose 

recognition and function have been largely studied (Deslandes et al., 1998, 2003; Tasset et al., 

2010; Le Roux et al., 2015; Zhang et al., 2017). Emmanuelle Lauber (LIPM) has characterized 

xopJ6 avirulence function in Arabidopsis showing that is dependent on RRS1-R/RPS4, the same 

R gene pair that recognizes popP2 (Figure 6.1A). She also found a natural variant of XopJ6, 

XopJ6CN13, which escapes the recognition by RRS1-R/RPS4. Additionally, work done by Laurent 

Deslandes and his group (LIPM) showed that, similar to PopP2 (Deslandes et al., 2003), XopJ6 

physically interacts with RRS1-R (Table 6.1). This interaction is prevented by XopJ6CN13, the 

natural variant of XopJ6 that does not confer RRS1-R/RPS4-mediated resistance, suggesting thus 

a link between resistance and the physical interaction with RRS1-R. Moreover, XopJ6 also seems 

to prevent RRS1-WRKY domain binding to genomic DNA (Table 6.1). However, contrary to 

PopP2, it has not been yet demonstrated that this inhibition is caused by the effector-mediated 

acetylation of RRS1 (Le Roux et al., 2015). 

Contribution 

This project had been started prior to my arrival, led by Emmanuelle Lauber, Laurent 

Deslandes and Laurent Noël (LIPM). My contribution to this work has been the study of the 

phylogeny, regulation, translocation and ROS-burst inhibition by XopJ6, the analysis of its 

genetic distribution on a variety of Xcc strains and the measurement of its expression in diverse 

wild-type and mutant strains to correlate it with the copy number and pathogenicity. 

Additionally, I included xopJ6 in the same work pipeline than the rest of xop and rip candidate 

genes. Therefore, it was screened for protein-protein interactions against the Arabidopsis cDNA 

library and inducible xopJ6 transgenic Arabidopsis lines were constructed. 

6.2 XopJ6 is a member of the YopJ family closely related 
to R. solanacearum PopP2 

xopJ6 was annotated as belonging to the Serine/Threonine acetyltransferase, YopJ family 

(InterPro identifier: IPR005083). This family comprises evolutionary conserved type III effectors 

from a wide variety of animal and plant bacterial pathogens as well as nitrogen fixing rhizobia.  
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Figure 6.2. Phylogenetic tree of 25 members of the YopJ family of bacterial effectors. The position 
of XopJ6 and its close ortholog PopP2 is highlighted in green. Neighbor-Joining tree with bootstrap 
support values indicated above each node. The scale bar indicates the evolutionary distance in number of 
amino acid substitutions per site computed using the Poisson correction method. Division in groups based 
on a previous report (Ma & Ma, 2016). The GenBank accession numbers of the full-length proteins used 
to construct the tree are as follows: AAG39033 for AvrXv4 (Xanthomonas euvesicatoria), CAF32331 for 
PopP1 (Ralstonia solanacearum), AAA27595 for AvrRxv (X. euvesicatoria), CAC16700 for HopZ2 
(Pseudomonas syringae), AAD39255 for AvrBsT (X. euvesicatoria), ABM32744 for Aave2166 (Acidovorax 
citrulli), NP_443964 for NopJ (Sinorhizobium fredii), EKG29639 for HopZ4 (P. syringae), WP_011347382 
for XopJ5 (X. campestris), ABM33278 for Aave2708 (A. citrulli), AAF63400 for ORFB (Erwinia amylovora), 
AAF71492 for HopZ3 (P. syringae), AAR02168 for HopZ1a (P. syringae), WP_004661226 for HopZ1b (P. 
syringae), AAL84243 for HopZ1c (P. syringae), CAF32358 for PopP3 (R. solanacearum), CAD13849 for 
RipAE (R. solanacearum), CAD15839 for RipJ (R. solanacearum), CAD14570 for PopP2 (R. solanacearum), 
AAT08443 for VopA (Vibrio parahaemolyticus), NP_710166 for AopP (Aeromonas salmonicida), AAL21745 
for AvrA (Salmonella enterica), AKN09807 for YopJ (Yersinia pestis) and AAN37537 for YopP (Y. 
enterocolitica). XopJ6 (X. campestris) amino acid sequence is the translation of CN06-G2_01.2135 in the 
private annotated version of CN06 (L. Noël, unpublished data).Constructed with MEGA X (Kumar et al., 
2018).  
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Figure 6.3. Pairwise sequence alignment of PopP2 and XopJ6. ClustalW2 alignment using the 
BLOSUM cost matrix with an open and extension gap penalties of 10 and 0.1 respectively. The background 
color represents the percentage of similarity based on the mentioned matrix with a threshold of 1 (black: 
identical, grey: similar, and white: not similar). The amino acids forming the conserved catalytic triad 
(Orth et al. 2000) are boxed in red, and the residues involved in binding to acetyl-CoA, IP6 and RRS1-R 
(Tasset et al. 2010, Zhang et al. 2017), in yellow, green and blue respectively. The two amino acid 
substations found in the natural variants XopJ6CN13 (C72G and N382K) are squared in pink. 
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Figure 6.4. xopJ6 is located in Tn6714, a new 9-kb Tn3 family transposon. (A) Genetic organization 
of Tn6714, the Tn3 family transposon containing xopJ6. Genes are represented by pointed squares 
indicating their orientation. xopJ6 is highlighted in green. The flanking inverted repeats (IR) are 
represented by black triangles. The convention used for orientation of the transposon is that the 
transposase is transcribed from left to right. (B) Sequence comparison of Tn6714 IR, squared in green, 
with other Tn3 family transposon IRs. Adapted from Nicolas et al., 2015. 
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To assert whether XopJ6 truly belongs to this family and to study its relationship with other 

known members, the phylogeny of the family was reconstructed (Figure 6.2). Based on the 

position in the phylogenetic tree, XopJ6 appears to be a true member of the YopJ family. It is 

closely related to Rps PopP2 forming the group V, which is closer to YopJ family members from 

animal pathogens (group I) and Ralstonia effectors (group IV) than to other Xanthomonas 

effectors (groups II and III). XopJ6 and PopP2 are 35.4% identical, with stronger conservation at 

the C-terminus than at the N-terminus (Figure 6.3). The importance of certain amino acids for 

the normal functioning of PopP2 has been reported: 1) H260, D279 and C321 form the catalytic 

triad which is conserved not only among YopJ family members, but also among C55 cysteine 

proteases  (Orth et al., 2000). The C321A substitution prevents RRS1-R-mediated resistance and 

PopP2 acetyl transferase activity (Tasset et al., 2010; Le Roux et al., 2015). 2) E284, D292 and 

N296 are involved in the physical interaction with RRS1. E284A/D292A/N296A triple 

substitution prevents the acetylation of RRS1-R and cell-death triggering (Zhang et al., 2017). 3) 

K383 is a target of PopP2 autoacetylation activity. K383R substitution prevents RRS1-mediated 

resistance (Tasset et al., 2010). More recently, this same residue has been described to be 

involved, together with R416, in the interaction with the host cofactor IP6. Both K383R and 

R416E substitutions prevent PopP2 acetyl transferase activity (Zhang et al., 2017).  4) K316, S389 

and F446 are important for the interaction with acetyl-CoA. K316A/S389A/F446A triple 

substitution also prevents PopP2 acetyl transferase activity and cell death triggering (Zhang et 

al., 2017). All these eleven amino acids are conserved between PopP2 and XopJ6 (Figure 6.3), 

suggesting that XopJ6 could function similarly to PopP2. 

6.3 xopJ6 is located on a transposon present in one to 
three copies in Xcc genomes 

xopJ6 had been previously identified in twelve Xcc genome-sequenced strains. xopJ6 

location had been mapped in the 5-Mb chromosome of only two of these strains (CN03 and 

CN06) or in large contigs from other two strains (CFBP6865 and CN13). In the remaining eight 

strains, xopJ6 was located in a 9-kb or smaller contig (CFBP4954, CFBP6943R, CN02, CN07, 

CN08, CN12, CN17 and CN18). This 9-kb region was highly conserved among the twelve strains. 

In addition to xopJ6, this region also contained other three protein-coding genes:  a Tn3-family 

transposase (IPR002513), a tyrosine recombinase (IPR020876) and another gene coding for a 

hypothetical protein. This structure is typical of Tn3-family transposons (Nicolas et al., 2015) 

(Figure 6.4A). Effectively, this 9 kb region was flanked by 37-bp inverted repeats (IR) similar to  
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Figure 6.5. xopJ6 is found in one to three copies in Xcc genomes. (A) Southern blot analysis of 
genomic DNA from different Xcc strains using a radiolabeled xopJ6 DNA probe. Performed by 
Emmanuelle Lauber (LIPM). (B) Ratio between the quantification of products of amplification of xopJ6 
and topA, gene found in single copy in Xcc genomes. Results from one experiment, three technical 
replicates. Error bars represent the standard error with two technical replicates. The bar color represents 
the inferred number of xopJ6 copies: light grey, one; grey, two; and dark grey, three to four. (C) Summary 
of the number of xopJ6 copies in different Xcc strains as inferred from the most recent sequenced genome 
available, Southern blot and qPCR on genomic DNA. 
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those of other Tn3-family transposons (Figure 6.4B). This indicates that xopJ6 is located within 

a new Tn3-family transposon that was registered in the Transposon Registry (Tansirichaiya, 

Rahman and Roberts, 2019), as Tn6714. 

Most of the xopJ6-containing Xcc strains were later resequenced using long-read 

sequencing technology. This allowed us to detect that xopJ6 was indeed always present in 

Tn6714. Yet, this transposon was found in one to three copies in the different genomes and 

plasmids. This observation was experimentally validated by quantitative real-time PCR (qRT-

PCR) using genomic DNA as template and by Southern blot, the latter done by Emmanuelle 

Lauber (Figure 6.5). Tn6714 was found in single copy on CN03 and CN06, precisely the only 

two strains in which xopJ6 could have been mapped in the chromosome through the initial 

short-read sequencing. On CN02, CN07, CN12 and CN17, Tn6714 was found in two copies; and 

on CN08, in three copies, all in the chromosome. This could explain the assembly problems 

found in the previous versions of the genomes, sequenced with HiSeq short reads, which led to 

the presence of xopJ6 in short contigs. Tn6714 from CN13 was found in single copy on a 186-kb 

contig, similar size to the plasmid contained in this strain according to a previous report (Guy 

et al., 2013), indicating Tn6714 is probably located in a single-copy plasmid in this strain. Tn6714 

from CFBP6943 and CN18 were found in single and four copies (two in the chromosome and 

two in two small contigs) respectively, but these results contradicted our experimental data. This 

is probably due to problems during the genome assembly. In the case of CN18, the two small 

Tn6714-containing contigs matched entirely or partially the chromosome suggesting that there 

are only two chromosomic copies of Tn6714, as seen by qPCR and Southern blot, and the small 

contigs are likely assembly artifacts. In the case of CFBP6943, the fact that Tn6714 was found on 

a 9-kb contig (like all strains that contain more than one copy) instead of on the chromosome 

or a plasmid (like all strains that contain only one copy) suggests that there could be more than 

one xopJ6 copy, as evidenced later by qPCR and Southern blot. However, the exact number and 

location of the additional copies could not be exactly mapped and therefore, CFBP6943 was 

excluded from further analyses. Strains CFBP4954 and CFBP6865 were not resequenced using 

long-read technologies so the only information about the number and location of Tn6714 comes 

from the first version of the genomes. In the case of CFBP4964, the location and number is 

unknown because Tn6714 was found in a 9-kb contig, but according to the qPCR and Southern 

blot results, there is only a single copy. In the case of CFBP6865, Tn6714 was found in a 62-kb 

contig, similar size to a 63-kb-long plasmid contained in this strain (Laurent Noël, unpublished 

data). According to the qPCR and Southern blot results, there is only one copy. However, this  
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Figure 6.6. xopJ6 was acquired as simple or composite transposon in evolutionary related 
plasmids and chromosomic insertions. (A) All possible locations of Tn6714 (black box, xopJ6 
highlighted in red) and derived composite transposon on the bacterial genome using the 8004 reference 
strain chromosome as reference. (B) Synteny between the different Tn6714-containing genomic locations. 
Because of the large size of the plasmid from CN13, only an extraction of it was represented. Blocks of 
synteny calculated by progressive MAUVE multiple genome alignment (Darling et al., 2004). Different 
colors indicate different synteny blocks.  
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Tn6714 copy presents an 1.2-kb-long IS3-family insertion sequence (IS) inserted precisely within 

xopJ6 coding region truncating this gene. 

With the known localization of the different copies of Tn6714 in the different genomes, 

I tried to infer the possible evolutionary story of xopJ6 within Xcc strains. Tn6714 was found as 

an autonomous transposon or forming different composite transposons (Figure 6.6A). In the 

case of the chromosomic copies of Tn6714, three insertions sites located in a 80-kb window were 

mapped in the Xcc reference strain 8004, hereafter called sites A, B and C. Tn6714 was found in 

site A as an autonomous transposon in all strains but CN08, where it was found in two copies 

delimiting a 56-kb composite transposon. The target sequence of the insertion site A is 5’-

TAATA-3’ found at the end of conjugal transfer protein trbP gene (XC_2105) and the direct 

repeats (DRs) produced upon integration are 5’-TAGTA-3'. In site B, Tn6714 is found in two 

opposed copies delimiting a 73-kb composite transposon. The target sequence of the insertion 

site B is 5’-ATGCA-3’ found at the beginning of a hypothetical protein-encoding gene (XC_2115) 

and the DRs produced upon integration are 5’-ATGAA-3’. Tn6714 was found in the middle of a 

34-kb region flanked by 50-bp inverted repeats. The target sequence of the insertion site C is 5’-

GATC-3’ found in an intergenic region (between XC_2164 and XC_2165) and this same sequence 

is produced as DR when the 34-kb region is integrated. The target sequences of insertion sites A 

and B are both 5-bp long and AT-rich matching the target sequences of other Tn3-family 

members (Nicolas et al., 2015). This indicates that the integration of Tn6714 and derived 

composite transposons at these sites took place through Tn3-family typical replicative 

transposition. Conversely, insertion site C is not AT-rich and the DR produced are 4-bp-long 

and match perfectly the target site, indicating that the integration at this site took place through 

a different mechanism. In the case of plasmidic copies, there was one on a 186 kb plasmid in the 

CN13 strain and another one on a 62-kb plasmid in the CFBP6865 strain. 

To test whether the different composite transposons and plasmids shared a common 

origin or if they are completely independent, synteny studies were performed (Figure 6.6B). A 

~17-kb block of synteny containing Tn6714 was observed between the 34-kb region of the 

insertion site C and the composite transposons of insertions sites A and B. This block is even 

larger (~30 kb) when compared the two composite transposons. Similarly, three blocks of 

synteny (two of ~12 kb, one of them containing Tn6714, and another of ~3 kb) were also found 

between the 34-kb region of the insertion site C and the plasmids of the CN13 and CFBP6865  
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Figure 6.7. Proposed evolution of the xopJ6 loci within Xcc strains. The number of Tn6714 copies is 
indicated by green circles. Unfilled circles indicate variants of XopJ6 not recognized by RRS1-R. Letters 
indicate the genomic location of Tn6714: A, B and C (chromosome insertions sites A, B and C respectively), 
P (plasmids) or U (unknown). Phylogenetic tree from Denancé et al., 2018.  
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strains. This could indicate that all these different sequences might have a common origin, 

suggesting that the different chromosomic insertions and plasmids are somehow related. 

Considering the presence and conservation of Tn6714 on the different sites and taking 

in consideration the phylogeny of these strains (Denancé et al., 2018), the following evolutionary 

scenario was proposed (Figure 6.7): xopJ6 had been initially acquired horizontally through 

plasmids, as it has been seen on different plasmids in at least two strains (CFBP6865 and CN13). 

A first chromosomic insertion was found on the site C in the ancestor of CN02, CN03, CN06, 

CN08, CN12, CN17 and CN18 strains. This insertion was more recently lost in CN06. Tn6714 

could have been inserted in the site A by replicative transposition from the Tn6714 copy in the 

site C. This could explain why Tn6714 was found in site A as a single or composite transposon 

only in strains that presented Tn6714 in the site C. This would mean that insertion in the site A 

was posterior to insertion in the site C, which could explain why CN03, the strain that diverged 

the earlies from this clade, do not present insertion site A. Another independent and more recent 

chromosomic insertion occurred in the site B to the common ancestor of CN07 and closely 

related Xca5, probably by replicative transposition from a possible Tn6714-containing plasmid 

lost afterwards. 

6.4 XopJ6 is regulated by the hrp system and possess a 
functional T3SS translocation signal 

To study the regulation and translocation of XopJ6, the first 300 bp of its open reading 

frame were cloned into the suicide vector pAIO (Laurent Noël, unpublished data) generating a 

translational fusion with avrBs159-445 (coding for the T3E AvrBs1 without its translocation signal) 

and a HA-strep tag, and transcriptional fusion with the reporter gene uidA (E. coli β-

glucuronidase) (Figure 6.8). This construction (hereafter pAIO-J6), through homologous 

recombination, was later inserted in several variants of the xopJ6-containing Xcc strain CN06 

under the control of its native promoter. The variant strains in which pAIO-J6 was inserted were 

CN06 wild type, the T3SS mutant ∆hrcV (Rossier et al., 1999), a mutated version of master 

regulator gene hrpG (named hrpG*, coding for HrpGE44K) that renders hrp gene expression 

constitutive (Wengelnik, Van den Ackerveken and Bonas, 1996; Wengelnik, Rossier and Bonas, 

1999) and the double mutant hrpG* ∆hrcV. 

To estimate xopJ6 promoter activity, the GUS activity of in vitro bacterial cultures of the 

different CN06 variants in minimal (MME) and rich (Moka) media was measured by 
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Figure 6.8. pAIO strategy to study regulation and translocation of xopJ6. The suicide vector pAIO-
J6 containing the first 300 bp of xopJ6 open reading frame in a translational fusion with avrBs1175-1335 and 
a HA-strep tag and in a transcriptional fusion with uidA was generated and transformed in Xcc CN06 
variant and wild type strains. The homologous recombination between the first 300 bp of xopJ6 of pAIO-
J6 and CN06 genome allows the integration of the full plasmid with the xopJ6-avrBs1-HA-strep-uidA 
cassette under the control of the natural xopJ6 promoter which contains a PIP-box. 

 

 

 

 

Figure 6.9. xopJ6 promoter is hrpG-regulated. β-glucuronidase (GUS) activity of pAIO-J6 in different 
Xcc strain CN06 WT, hrpG* and ∆hrcV variants. White and grey boxes represent GUS activity of bacterial 
cultures in poor (MME) and rich (Moka) medium respectively. Combination of three independent 
experiments. The different letters (a-d) above the boxes indicate statistically different groups (one-tailed 
Wilcoxon signed-rank test p-value < 0.0001). 
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Figure 6.10. The N-terminus of XopJ6 is able to translocate a truncated version of AvrBs1 through 
the Xcc type III secretion system. Translocation experiments in 6-weeks-old ECW-10R (A and B) and 
ECW (C and D) pepper leaves using Xcc strain CN06 WT, hrpG* and ∆hrcV transformed with the 
integrative plasmid pAIO containing either xopJ61-300 (pAIO-J6) or hrpW1-300 (pAIO-W), fused to avrBs159-

445 (coding for AvrBs1 lacking its translocation signal). Xcc 8004 WT and ∆avrBs1 strains and 1 mM MgCl2 
(mock) were used as controls. The symptoms were observed at 48 hours after leaf infiltration with 
bacterial suspensions at OD600 = 0.3. The experiment was repeated three times with similar results
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colorimetry (Figure 6.9). As shown with other Xanthomonas T3E and hrp genes (Schulte and 

Bonas, 1992; Jiang et al., 2013), xopJ6 is less expressed in rich medium compared to minimal 

medium. The expression in both media is enhanced in the hrpG* mutant indicating that xopJ6 

belongs to the hrpG regulon. This expression is unaltered in the hrcV T3SS mutant. 

To test whether XopJ6 contains a T3SS translocation signal, the different CN06 variants 

were infiltrated into ECW and ECW-10R pepper plants (Figure 6.10). These plants only differ in 

the absence/presence respectively of Bs1, an R gene able to recognize Xanthomonas AvrBs1 

(Minsavage et al., 1990). CN06 pAIO-J6 and hrpG* pAIO-J6 induced HR on ECW-10R plants 

similar to the naturally avrBs1-containing strain 8004 but this symptom could not be observed 

in the wild-type CN06 nor any of the ∆hrcV mutants, similarly to 8004∆avrBs1. Conversely, this 

HR was never observed in ECW pepper plants. This indicates that the cell-death observed is 

avrBs1/Bs1-dependen. Therefore, in the CN06 pAIO-J6 and hrpG* pAIO-J6, this HR is linked to 

the translocation of the xopJ61-300avrBs159-445 translational fusion product through the T3SS. To 

exclude that any other sequence could confer translocation ability; the same CN06 variants were 

transformed with the previously generated pAIO with the 300 first bp of the hairpin gene hrpW 

(hereafter pAIO-W) which had been shown to be equally hrpG-regulated but not translocated 

through the T3SS (Laurent Noël, unpublished data). Contrary to pAIO-J6, pAIO-W did not cause 

HR on the CN06 and hrpG* backgrounds in ECW-10R plants reinforcing that XopJ6 first 100 

amino acid constitute a true T3SS translocation signal. Altogether, the regulation and 

translocation of XopJ6, together with its belonging to the YopJ family proves that XopJ6 is a true 

type III effector. 

6.5 xopJ6 copy number is correlated with its expression 
and pathogenicity 

Despite being an avirulence factor in certain Arabidopsis ecotypes and cabbage varieties, 

xopJ6 is present in multiple copies on several Xcc strains. This suggests that XopJ6 might have a 

beneficial role for the bacteria in susceptible plants that has allowed the expansion and 

conservation of multiple copies through evolution. Due to its tight regulation and its 

translocation through the T3SS, it is unlikely that this possible beneficial role occurs in the 

bacteria. It is more likely that XopJ6 could confer a benefit during the infection of the host. As 

the pathogenicity on susceptible Arabidopsis ecotype Col-0 of several Xcc strains had been 

previously evaluated, I checked whether the number of functional copies might correlate with 

the pathogenicity of the strains (Figure 6.11A). Effectively, the disease index scored at 7 dpi is 
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statistically higher among strains that contain multiple xopJ6 copies compared to strains 

containing just one copy, and even higher compared to strains that do not contain xopJ6. When 

plotting the number of functional xopJ6 copies and the median of the disease index of all these 

strains, the coefficient of determination of the corresponding linear regression is 0.779 

indicating correlation between these two parameters (Figure 6.11B). This suggests than in 

susceptible ecotypes, XopJ6 might have a virulence function. 

Nevertheless, it is yet unclear how multiple identical copies of xopJ6 could confer 

increased pathogenicity. The simplest explanation could be that an increase in the number of 

xopJ6 copies implies an enhanced expression. To test this, the relative expression of xopJ6 was 

measured in bacterial cultures in vitro in hrp gene- inducing medium. Effectively, the relative 

expression of xopJ6 correlates with the number of xopJ6 copies, with a coefficient of 

determination of 0.833 (Figure 6.11C).  This indicates that presenting multiple copies of xopJ6 

increases its expression. There seems to be also a positive correlation between xopJ6 expression 

and pathogenicity (median of the disease index at 7 dpi), with a coefficient of determination of 

0.629 (Figure 6.11D). 

To dig more into a possible virulence function of XopJ6, I evaluated whether XoJ6 could 

inhibit the plant defense responses. When transiently expressed in Nicotiana benthamiana 

leaves, XopJ6 was able to inhibit significantly the flg22-induced ROS production, a classical 

readout of PTI responses (Boller and Felix, 2009; Sang and Macho, 2017) (Figure 6.12). This 

reinforces a possible role of XopJ6 in virulence mediated by the inhibition of the basal plant 

defenses. 

6.6 XopJ6, a last minute candidate for the pipeline 

As xopJ6 is not present in reference Xcc strain 8004, it was not initially included in the 

same characterization pipeline followed for the rest of effectors studied in this work. Therefore, 

it was not included in the first large-scale yeast two-hybrid screening with Xcc8004 T3Es 

performed prior to my arrival in the lab. However, considering its interest, it was included in the 

second screening with the RpsGMI1000 T3Es performed during my time in the lab.  Only one 

putative Arabidopsis target of XopJ6 was identified in this screening: AT2G39990, the eukaryotic 

translation Initiation Factor 3 subunit F (eIF3f). This protein has not been identified as putative 

target of any other effector in any previous screening. 
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Figure 6.11. The number of copies of xopJ6 correlates with its relative expression and 
pathogenicity on susceptible Arabidopsis ecotype Col-0. (A) Disease index at 7 dpi of different Xcc 
strains lacking xopAC and containing a variable number of xopJ6 copies. The number of strains is marked 
in brackets below. The different letters (a-c) above the boxes indicate statistically different groups (one-
tailed Wilcoxon signed-rank test p-value < 0.0001). Correlation between the number of functional xopJ6 
copies and the median of the disease index at 7 dpi (B), the number of total xopJ6 copies and the relative 
expression of xopJ6 (using 16S rRNA gene as reference) in vitro in inducing medium (C) and the median 
of the disease index (D) among diverse Xcc strains lacking xopAC. The dotted blue line represents the 
linear regression whose coefficient of determination (R2) is shown at the top of each scatterplot. 
Combination of three independent experiments for both pathogenicity tests on Col-0 (performed by 
Emmanuelle Lauber) and relative expression measurements in vitro. 



            

      

192 

 

 

 

Figure 6.12. XopJ6 inhibits flg22-induced ROS production. Indirect measurement of ROS production 
upon 50 nM flg22 treatment by luminometry on N. benthamiana leaves transiently expressing either GFP-
RanBP1 (green) in one half of the leaf, or GFP-XopJ6 (red) on the other half. Measurement of the ROS 
production over time (A) or in total after 1 hour (B). Combination of 32 samples issued from two 
independent experiments. Error bars represent the standard error. Red asterisk indicates that the 
difference with the GFP control is statistically significant (one-tailed Wilcoxon signed-rank test p-value < 
0.05). Boxplot representation: thick bar, median; box limits, highest and lowest value within 1.5 · inter-
quartile range; and circles, outliers. (C) Western blot showing the expression of GFP-XopJ6 and GFP-
RanBP1 fusion proteins detected with an anti-GFP antibody. Ponceau S staining used as loading control. 
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Simultaneously, inducible pER8-xopJ6 transgenic Arabidopsis lines were also generated. 

After three unfruitful A. tumefaciens-mediated transformation attempts, 18 PCR-positive T1 

plants were generated. From these 18, only three showed around 75% hygromicine resistant 

segregation pattern in T2 indicating the presence of a single copy of the T-DNA. Plants from 

these three independent lines are currently being grown to look for possible homozygous lines 

in the T3 generation. 

6.6 Discussion 

XopJ6 and PopP2, a new example of orthologous Xcc and Rps T3Es with similar 

functions 

My contribution to this project showed that XopJ6 is a bona fide T3E based on its 

phylogeny in the YopJ family, closely related to Rps PopP2, hrpG-regulation and functional T3SS 

translocation signal (Figures 6.2, 6.9 and 6.10). All the amino acids important for PopP2 acetyl 

transferase activity and interaction with RRS1-R and cofactors are conserved between PopP2 and 

XopJ6 (Figure 6.3), suggesting that they might function similarly as it is being currently studied 

by both Laurent Noël’s and Laurent Deslandes’ teams. Effectively, similarly to PopP2, XopJ6 

seems to be recognized by the NLR pair RRS1-R-RPS4 leading to its dissociation from DNA in an 

enzymatic activity dependent manner (Figure 6.1). This constitutes a perfect example of how 

two orthologous T3Es from Rps and Xcc function similarly, one of the initial postulates of my 

PhD work. 

Both xopJ6 and popP2 were probably acquired horizontally in Xcc and Rps 

This work also showed that xopJ6 is located within a new Tn3 family transposon, Tn6714, 

present in several Xcc strains (Figures 6.4, 6. 6 and 6.7). As shown in other Xanthomonas, 

transposable elements allow spreading horizontally pathogenicity determinants such as TALE 

and other T3E genes among different Xanthomonas spp. strains (Noël et al., 2003; Jalan et al., 

2013; Ferreira et al., 2015). Unlike xopJ6, popP2 is not located in a Tn3 family transposon; 

however, it is located in a region with several bacteriophage-related proteins, another classical 

mechanism of horizontal gene transfer (HGT) of effector genes (Kado, 2009; Boyd, Carpenter 

and Chowdhury, 2012). Indeed, xopJ6 and popP2 GC content (53.9 and 59.7% respectively) are 

lower than the average of Xcc and Rps chromosomes (around 65 and 69% respectively), 

suggesting that both have been horizontally inherited in the respective species. This could 

explain their isolated position in the YopJ family phylogenetic tree (Figure 6.2), closer to animal 
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pathogen T3Es than to other plant pathogen T3Es. It seems clear that xopJ6 and popP2 share a 

common ancestor. Whether this ancestor effector gene was acquired by a Xanthomonas-

Ralstonia common ancestor and has evolved differentially in each lineage, or if this common 

ancestor gene has been acquired independently in two different HGT events in RSSC and Xcc, is 

not known. However, this second hypothesis seems more likely because: 1) the mechanisms of 

transmission within the species are different between Xcc (Tn3 replicative transposition) and 

RSSC (possibly through bacteriophages). 2) The distribution and conservation among same 

species strains are quite uneven. While popP2 is present in 64 out of 155 sequenced RSSC strains 

from all four phylotypes and presents several sequence polymorphisms (Peeters, Carrère, et al., 

2013; Sabbagh et al., 2019), xopJ6 is present in a lower number of phylogenetically related Xcc 

strains and is highly conserved (Figure 6.3 and 6.7). 

Copy number variation as a novel strategy to modulate bacterial pathogenicity 

Thanks to the recent long-read sequencing of several Xcc strains, we have discovered 

that xopJ6 was located in one to three copies highly conserved on the chromosome or different 

plasmids (Figures 6.5 and 6.6). This variation in the copy number of xopJ6 is correlated with 

higher expression in vitro and stronger pathogenicity in a susceptible Arabidopsis ecotype 

(Figure 6.11). This suggests a possible role of XopJ6 in virulence, possibly related to its ability to 

inhibit PTI responses (Figure 6.12). In order to validate this, the possible dosage effect on the 

virulence function of XopJ6 is currently being studied through reverse genetics in a same genetic 

background by Emmanuelle Lauber. If corroborated, this would provide the first experimental 

evidence for such novel mechanism to modulate virulence in bacterial pathogens, similar to 

what has been suggested in oomycetes (Qutob et al., 2009), and nematodes (Castagnone-Sereno 

et al., 2019). 

In addition to this copy number variation strategy, there seems to be another XopJ6-

mediated virulence strategy evolved by Xcc. As mentioned in the introduction, although XopJ6 

is highly conserved among the different Xcc strains, there is an alternative version present only 

in two strains: CN13 and CFBP4954. This XopJ6 variant presents only two amino acid 

substitutions: C72G and N382K, the latter occurring at an amino acid important for the physical 

interaction with RRS1-R (Zhang et al., 2017) (Figure 6.3). Emmanuelle Lauber has shown that 

this variant does not confer RRS1-mediated resistance and Laurent Deslandes’ team has 

demonstrated that indeed, XopJ6CN13 is unable to interact with neither RRS1 nor WRKY22 WRKY 

domains (Table 6.1). This shows that some Xcc strains have evolved a XopJ6 variant that is no 

longer recognized by its plant immune receptor avoiding thus XopJ6-triggered immunity. 
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Whether XopJ6CN13 maintains XopJ6 virulence functions has yet to be studied. However, due to 

the impossibility of XopJ6CN13 to interact with WRKY domains, these possible virulence 

mechanisms will most probably be WRKY-independent. Based on our yeast two-hybrid 

screening, a possible WRKY-independent virulence target candidate of XopJ6 has been 

identified: eIF3f. Downregulation of protein synthesis is one of the general plant responses 

against stress and is mediated mainly by eIFs (Immanuel, Greenwood and MacDiarmid, 2012; 

Dutt et al., 2015). Several eIFs have been shown to be involved in biotic stress responses such as 

eIF2 (Aparicio et al., 2011; Liu, Afrin and Pajerowska-Mukhtar, 2019), eIF4 (Wang and 

Krishnaswamy, 2012; Contreras-Paredes et al., 2013; Xu et al., 2017), or eIF5 (Hopkins et al., 

2008). Interestingly, P. syringae HopZ2, another member of the YopJ family, interacts with eiF2γ 

(Lewis et al., 2012). Whether XopJ6 is able to interact truly with eIF3 and/or other eIFs and this 

has any implications in the plant defense responses has not yet been studied. The inducible 

pER8-xopJ6 transgenic Arabidopsis lines generated in the susceptible Col-0 background are a 

powerful tool to explore this, or any other alternative hypothesis about XopJ6-mediated 

virulence, directly in planta.
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Chapter 7 

General discussion   
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7.1 Conclusions: What I have done so far 

The main results of my experiments have been discussed at the end of each respective 

chapter. To refresh the memory and to integrate and make global sense of the different points 

discussed throughout the different chapters, I would like to summarize here the main 

conclusions obtained in this work. 

Rps and Xcc T3Es behave as most plant pathogen effectors… 

Different large-scale (and “not-so-large-scale”) screenings have allowed to a get a global 

picture of the putative collective action of RpsGMI1000 and Xcc8004 T3Es. Thanks to the yeast two-

hybrid screenings, the putative Arabidopsis targets of these two species T3Es were identified and 

compared to the targets of other plant pathogen effectors. It was shown that Rps and Xcc T3Es 

present similar “targeting tendencies” to other pathogens: 1) Preference for Arabidopsis proteins 

that are highly connected and important for the host interactome organization, indicating a 

higher potential of interference with the host cellular processes (Li, Zhou and Zhang, 2017; 

Ahmed et al., 2018). This tendency is even stronger among core T3Es compared to variable T3Es. 

This could suggest that higher selection pressure to maintain these T3Es is linked to their higher 

interference potential. 2) Targeting host processes important for plant immunity and 

physiology. From a functional point of view, the targets of Rps and Xcc T3Es include several 

transcription factors, ubiquitin-signaling-related proteins, kinases and phosphatases, 

cytoskeleton components or proteins involved in vesicle-trafficking; all important signaling and 

executor components of plant responses against environmental changes and usual targets of 

other pathogen effectors (Büttner, 2016; Khan et al., 2018). Collectively, these results suggest 

that Rps and Xcc T3Es possess the potential to modulate the plant physiology. Indeed, this has 

been supported through transgenesis as nine out of fourteen T3E transgenic Arabidopsis lines 

showed developmental alterations when grown in vitro in inducing conditions. Two additional 

Xcc T3E genes have also been reported to alter normal development in similar setups (G. Wang 

et al., 2015; Yan et al., 2019). In the context of a different project, sixteen additional Xcc T3E-

gene transgenic lines have been screened and similarly, seven of them showed altered 

developmental phenotypes (Noe Arroyo Vélez, unpublished data). Altogether, this illustrates 

the ability of Xcc and Rps T3Es to modulate the plant physiology. Another convergence point 

between Xcc and Rps T3Es and other pathogen effectors is the ability to inhibit basal defenses, 

shown in this work for a few: XopP, similarly to its orthologs RipH1-3 (Morel, 2018); XopJ6, 

similarly to its ortholog PopP2 (Le Roux et al., 2015); and XopAG. Finally, another common 

feature of Xcc, Rps and other pathogens effectors is their collective contribution. Most Xcc and 
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Rps single T3E-gene mutants have not shown any impairment in pathogenicity whereas an Xcc 

sextuple mutant has. This evidences functional redundancy and/or epistatic interactions among 

Xcc or Rps T3Es, as it has been seen in many other pathogen species (Kvitko et al., 2009; 

Zumaquero et al., 2010; Phan et al., 2016; Rufián et al., 2018). 

… yet there are some clues suggesting certain specificity of T3Es from Rps and Xcc 

Despite all the beforementioned similarities found between T3Es of Xcc and Rps, and 

other plant pathogen effectors; this work also sheds some light on certain possible particularities 

of these two bacterial species. Notably, when we compare all the identified putative targets of 

Xcc and Rps T3Es to the effector targets of previously characterized species, the majority are 

specific to Xcc and/or Rps T3Es. Specifically, from the 235 identified Xcc/Rps T3E targets, 166 

were exclusive. While this number is likely to be overestimated due to the few species that have 

been screened systematically at a large-scale, it still provides a large margin for reflecting a true 

Xcc-Rps T3E target specificity. This target specificity becomes particularly intriguing considering 

that Rps and Xcc are the first and only vascular pathogens whose effectors have been screened 

systematically. Therefore, it is possible that the observed target specificity of these two species 

actually reflects their lifestyle. This would mean that vascular pathogens modulate differently 

the plant cellular processes compared to other lifestyle pathogens by targeting different sets of 

plant proteins.  

On the bacterial side, a minor detail could potentially reinforce the notion of a vascular-

specific way of modulating plant immunity: although most of single T3E mutants did not show 

alterations in pathogenicity, the few that did are actually shared T3Es between Xcc and Rps. On 

previous tomato/RpsGMI1000 experiments, ΔripAX1 and ΔripAX2 showed reduced pathogenicity; 

whereas in this work it was shown on Arabidopsis/Xcc8004 experiments that ΔxopQ and ΔxopAG 

were less virulent, the latter confirmed by complementation. This suggests that effectors shared 

between vascular pathogens are among the most important for pathogenicity in vascular 

pathogens. Nevertheless, as the impact on virulence has only been corroborated in one case, the 

previous statement is a mere hypothesis that should be experimentally validated. 

 XopAG/RipO1 and XopJ6/PopP2: The fast-tracked orthologous pairs 

The development of two different stories has been prioritized during my time in the lab, 

for very different reasons. On the one hand, the first results obtained during this work 

highlighted a pair of orthologous candidates, XopAG and RipO1: 1) They are the only orthologous 
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pair for which common targets were identified. 2) Arabidopsis mutants of two of these common 

targets showed enhanced disease tolerance to Xcc (brg3) or Rps (klcr2). 3) pER8-xopAG and 

pER8-ripO1 Arabidopsis lines showed strong developmental phenotypes, although with different 

intensity. 4) Xcc8004 ΔxopAG is one of the two single mutants that showed a reduction in 

pathogenicity compared to the wild type in susceptible Arabidopsis plants. Rps8004 ΔripO1 effect, 

if any, is much weaker and would need further and finer experiments to be corroborated. For 

these reasons, different approaches were conducted to characterize further this orthologous pair 

of T3Es. This work showed that they belong to a highly conserved family of effectors that have 

been largely understudied and from which members have been found in several vascular 

pathogens. It has also been shown that XopAG inhibit the plant basal defenses, what could 

potentially explain its observed virulence role. To gain some insight into the molecular bases of 

this virulence role of XopAG and possibly RipO1, two simultaneous approaches are being 

followed: 1) Taking advantage of pER8-xopAG developmental phenotype, a suppressor screening 

on an EMS-mutagenized population has been conducted. Up to now, 10 independent 

homozygous M3 suppressor lines have been identified. 2) Considering the nucleocytoplasmic 

localization of XopAG and RipO1, and the reduced susceptibility phenotype of brg3 Arabidopsis 

mutants, a possible BRG3-dependent XopAG and RipO1 virulence functions are being explored. 

Indeed, the physical interaction between BRG3 and XopAG detected by yeast two-hybrid has 

been validated by FRET-FLIM. However, the different phenotypes on the target and on the 

effectors size have not been linked yet. 

On the other hand, and in the context of a different project, a new candidate effector was 

discovered in a different Xcc strain. This effector, named XopJ6, turned out to be a very close 

ortholog of the Rps “model T3E” PopP2 (Deslandes et al., 1998). This provided an additional pair 

of Rps-Xcc orthologous T3Es to study. However, considering how much is already known about 

the molecular mechanisms of PopP2-mediated virulence and susceptibility (Deslandes et al., 

2003; Tasset et al., 2010; Le Roux et al., 2015; Zhang et al., 2017), my work contributed to the 

characterization of the novel XopJ6. More specifically, this work demonstrated that xopJ6, as 

most T3E genes, is transcriptionally regulated by hrp gene regulator HrpG and that its protein 

product possesses a functional T3SS-translocation signal on the N-terminus. Additionally, 

thanks to long-read sequencing, it was shown that xopJ6 is always located in a 9-kb Tn3 family 

transposon found in one to three almost identical copies on several Xcc bacterial chromosomes 

or plasmids. Precisely this copy number variation was shown to be correlated with xopJ6 

expression and pathogenicity in a susceptible Arabidopsis ecotype. If corroborated, this would 

constitute a novel strategy for bacteria to modulate their virulence. 
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Finally, do orthologous T3Es from Rps and Xcc work similarly? 

The presence of nine/six orthologous T3Es in Rps/Xcc respectively provided a great 

opportunity for comparative studies. However, when dealing with this kind of comparative 

studies, an immediate question arises: “do orthologous T3Es work similarly?”. Although 

reasonable to assume, no experimental evidence backed up any kind of functional similarity 

between orthologous Xcc and Rps T3Es at the beginning of this work. Examples of orthologous 

effectors working similarly had been reported previously in other species: Pseudomonas syringae 

avrE restores pathogenicity in a Erwinia amylovora ΔdspE (avrE ortholog) strain (Bogdanove et 

al., 1998). Cladosporium fulvum Avr4 and Ecp2 and their orthologs in Mycosphaerella fijiensis 

contribute similarly to virulence and are recognized by the same R proteins (Stergiopoulos et al., 

2010). Xanthomonas sp. XopQ and Pseudomonas sp. HopQ1 are also recognized by the same 

tobacco R protein (Schultink et al., 2017). Nevertheless, several other examples of functional 

divergence among orthologous effectors had also been described: YopJ family T3Es can act as 

proteases or as acetyl transferases (Lewis et al., 2011). P. syringae HopG1 possesses mitochondrial 

localization and alters the respiration and cytoskeletal organization (Block et al., 2010; Shimono 

et al., 2016), whereas its X. fuscans ortholog, AvrGf2, its chloroplastic and possesses a 

cyclophilin-dependent avirulence-role (Gochez et al., 2017). Therefore, it was not initially clear 

whether orthologous T3Es from Rps and Xcc could actually function similarly or not. Based on 

the large-scale yeast two-hybrid screenings results, common targets were only found for one out 

of the nine possible pairs of orthologous T3Es in Rps and Xcc (XopAG and RipO1). A priori, this 

result could suggest that the shared T3Es show a completely different targeting profile and 

therefore we could conclude that they differ functionally. However, for many of the shared T3Es 

no target were identified in these screenings making thus impossible the comparison with the 

corresponding ortholog. Therefore, it is likely that this observation has been underestimated 

(Brückner et al., 2009). Nevertheless, these first results rather supported a scenario in which the 

orthologous T3Es shared by Rps and Xcc behave differently. Conversely, when pER8-T3E 

transgenic lines were generated and phenotyped in a second phase of my PhD, the results were 

the opposite: most of the pER8-rip and orthologous -xop combinations showed the same or 

similar developmental phenotype. This could suggest that orthologous T3Es modulate the plant 

physiology in a similar manner. These results contradicted somehow the lack of similarities 

found with the interactomic profile and supported a scenario in which most orthologous T3Es 

from Xcc and Rps could behave similarly. Additionally, other smaller-scale experiments pointed 

out certain similarities between orthologous T3Es as well:  1) XopP inhibits almost completely 

the flg22-induced ROS burst similarly to its ortholog RipH1 (Morel, 2018). 2) XopJ6 is recognized 
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by the same NLR pair than its ortholog PopP2 (Deslandes et al., 1998). 3) RipR lines showed a 

strong developmental impairment when transgenically expressed in Arabidopsis and was hard 

to transform suggesting a cytotoxic effect similar to that observed with its E. amylovora  ortholog 

DspA/E (Degrave et al., 2013). This is probably what occurred with the Xcc ortholog, XopAM, 

for which it was impossible to generate transgenic lines. 4) XopAG and RipO1 co-localize and 

probably interact with BRG3 in the nucleus. All these details moderately support functional 

similarities. Therefore, coming back to the original question, “do orthologous T3Es work 

similarly?” the answer is that, while there are experimental evidences supporting both negative 

and affirmative answers, most of the results back up the later. 

7.2 Perspectives: What I would do if I had more time 

My PhD project was a pioneer study in the systematic and large-scale screening of 

RpsGMI1000 and Xcc8004 T3Es for both host teams. As previously stated, the biological material 

generated during this work has allowed us to gain some valuable insight into how Rps and Xcc 

T3Es work, with a particular focus on the shared ones between RpsGMI1000 and Xcc8004. However, 

a lot of the generated material could not be exploited fully within the timeframe of this thesis 

constituting thus a source of valuable tools for the future characterization of these T3Es, a long-

term objective of both host teams. 

What to do now with all these plants? 

Despite being one of the most time-consuming parts of this work, the generated pER8-

T3E transgenic Arabidopsis lines are probably the biological resources most understudied. 

Nevertheless, this valuable biological resource will be further exploited in the immediate future. 

More specifically, in the context of a different PhD project, transgenic Arabidopsis lines for most 

Xcc8004 and some RpsGMI1000 T3E genes are being used for systematic screenings of inhibition of 

plant basal defenses measuring differences between induced and non-induced plants in terms 

of Ca2+ signaling and MAPK phosphorylation. Simultaneously, these lines are also going to be 

molecularly phenotyped through RNA sequencing. This will provide the different transcriptional 

profiles of each effector when expressed individually in planta. The large-scale molecular 

phenotyping of such a transgenic line collection would represent an innovative and without a 

priori strategy that could allow us to unveil the full potential of T3Es and to exploit in more 

depth the biological material generated. Collectively, these results would provide an extensive 

description of the role of all these T3Es, which is something never done to this extent. 

Additionally, the collective analysis of the transcriptional signatures of each T3E could allow 



            

      

202 

 

their functional clustering identifying groups of T3Es targeting similar processes. This 

information would be key in order to manage functional redundancy and start synthetic biology 

projects such as the construction and combinatorial complementation of polymutants, strategy 

successfully used already in model plant pathogen P. syringae (Kvitko et al., 2009; Cunnac et al., 

2011). 

Focusing on a couple of stories 

One of the most advanced and yet not finished projects developed during this thesis is 

the characterization of the virulence role of XopAG and RipO1. On the one hand, the performed 

suppressor screening has allowed the identification of ten suppressor lines already. The 

characterization of these lines should be a priority in the determination of the genetic bases of 

xopAG, and potentially ripO1, -related phenotypes. For this reason, measuring xopAG expression 

and discarding mutations in the inducer and xopAG genes are the first steps required. For the 

lines that do express a non-mutated version of xopAG, backcrosses with the parental pER8-

xopAG line would ensure cleaning spurious mutations to facilitate the identification of the causal 

suppressor mutation through bulk genome sequencing of the BC2 progeny. The identified 

mutations would then need to be validated (e.g., validating the suppressor phenotype with 

crosses with “clean” T-DNA mutants of the identified gene) and, depending on the biological 

nature of the candidates, different experiments should be foreseen to functionally characterize 

and provide biological meaning to the proven genetic link between the genotype and the 

phenotype. As several Arabidopsis targets of XopAG have been identified, searching for 

mutations on the corresponding genes in the suppressor lines as well as phenotyping the 

progeny of the crosses done with pER8-xopAG and T-DNA mutants of its targets could serve as 

more straightforward and time-saving strategies worth to pursue. In parallel, a possible BRG3-

mediated role of XopAG and RipO1 virulence is already being explored. While promising 

phenotypes have been observed on both effector and target sides, not a direct link has been yet 

established between both except for their physical interaction. Experiment that allow linking 

xopAG-related phenotype and pathogenicity with BRG3 involvement in susceptibility should be 

thus a priority (e.g., testing if Xcc 8004∆xopAG reduced virulence is not observed in brg3 

background). 

An additional interesting but less explored story is the further characterization of the 

Rps RipH family, and potentially their Xcc ortholog, XopP. Rps RipH1-3 have been characterized 

as being involved in bacterial pathogenicity (Chen et al., 2014), and that they target plant 

proteins involved in the response against Rps (Morel, 2018). My work has shown that all three 
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RipHs confer strong developmental alterations when transgenically expressed in Arabidopsis. 

The same strategies followed in the characterization of XopAG could be foreseen for the three 

RipHs. The drastic developmental phenotypes observed, particularly on pER8-ripH1 and pER8-

ripH2 lines, could allow additional fast-discerning suppressor screenings to identify the 

responsible plant genes. Again, similar to XopAG, the identified targets of RipH, not only in 

Arabidopsis in this case, but also in tomato (Morel, 2018), could provide additional hints for a 

more straightforward and direct characterization. More specifically, Chromatine Remodeling 

Complex Subunit R3 (CHR3; AT2G28290), the Arabidopsis ortholog of a described tomato target 

of RipH3, has been already shown to be involved in susceptibility to Rps (Morel, 2018) and 

resistance to B. cinerea (Walley et al., 2008). It would be therefore interesting to test whether a 

chr3 mutation could suppress pER8-ripH3-mediated phenotype. Similar to RipO1 and XopAG, 

any discovery found on the possible functions of RipHs would be worth testing whether it is also 

applicable to their Xcc ortholog, XopP. 

What was left behind 

In addition to the general large-scale analyses conducted (e.g., study of the effector 

targeting patterns through network analyses on yeast two-hybrid data) or foreseen (e.g., 

molecular phenotyping through RNA sequencing of the pER8 transgenic lines), and the 

functional characterization of the most-promising candidates (i.e., XopJ6, XopAG/RipO1 or 

RipH1-3/XopP), this work also provides some clues for additional and potentially interesting 

stories that I could not explore further within this thesis. This is the case of the homology of 

function but not of sequence of Xcc XopAC and Rps RipAJ, two unrelated T3Es that share six 

common targets including RCN1, important for Arabidopsis susceptibility to Xcc. This is also the 

case for a possible KLCR2-dependent virulence function of RipO1 and XopAG, as KLCR2 is a 

common target of these two T3Es and a klcr2 mutant in Arabidopsis seemed slightly more 

tolerant to Rps. The drastic phenotype of pER8-ripR and the impossibility to construct pER8-

xopAM lines could reflect a strong toxic effect not only observed on these two but also in other 

species orthologs such as Erwinia amylovora DspA/E (Degrave et al., 2013), functionally 

connecting all of them. The observed involvement of XopQ in Xcc pathogenicity; the role of SIS 

in the crosstalk between abiotic and biotic stresses (Arabidopsis sis mutants showed reduced 

tolerance to both salt stress (Brinker et al., 2010), and Xcc); or the role of eIF3f, the only 

identified putative target of XopJ6 by yeast two-hybrid, in Arabidopsis susceptibility to xopJ6-

containing Xcc strains are other examples of potentially interesting leads to follow in the near 

future. 
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Contribution of this work to the bigger picture 

In a general context, this work contributes to the global understanding of effector 

biology at the molecular level. The systematic identification of targets of T3Es from Rps and Xcc 

has allowed performing large-scale meta-analyses comparing different pathogen effectors, 

including for the first time effectors from vascular pathogens. This served as a starting point for 

the generation of an open and interactive database: EffectorK (www.effectork.org). This 

database integrates and makes easily accessible all the otherwise scattered published 

information about Arabidopsis targets from a wide variety of pathogenic bacterial, oomycete, 

fungal, nematode and insect effector proteins. EffectorK accepts the contribution of users to 

expand and update the interactomic dat. For this first version, we limited the scope to 

Arabidopsis and pathogen effector proteins. However, if the community considers it as a useful 

tool, it could be foreseen to expand it to other plant hosts (a private version of EffectorK 

including also tomato interactomic data has already been developed for internal use) and/or 

effector molecules (e.g., chemical and sRNA effectors), as it has already been suggested when 

this work was presented in different congresses. 

The ensemble of identified targets does not only provide information for fundamental 

research analyses, but it also constitutes a list of potentially interesting candidates for resistance 

breeding. Particularly interesting on this regard are the 100 novel effector hubs (i.e., Arabidopsis 

protein targeted by at least two different effectors) identified in this work. Indeed, a few of them 

have already been described to be involved in immunity. This could be considered as a sort of 

validation of the importance that these targets could have in plant immunity. However, the 

majority of these effector hubs have never been tested for a role in immunity and constitute thus 

a list of promising candidates for further analysis. All this work has been performed on the model 

species A. thaliana. The involvement of any potentially interesting candidate in plant immunity 

or susceptibility should also be tested in agronomically relevant crops in order to, in the long 

term, apply this knowledge in practical breeding schemes. Although not always directly 

accomplished (Nelissen, Moloney and Inzé, 2014), several successful examples of translational 

research from Arabidopsis to crops have been reported throughout the years (Rensink and Buell, 

2004; Zhang, Creelman and Zhu, 2004; Chopra et al., 2018). 

Finally, as already mentioned, several results from this work pointed out a possible 

vascular-pathogen-specific way of modulating plant processes: most notably the Rps- and Xcc-

specificity of effector targeting, but to a lesser extent also the presence among vascular 

pathogens of orthologous T3Es that can potentially inhibit the defense-related vascular flow 

http://www.effectork.org/
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reduction (Oh and Collmer, 2005), and/or are involved in pathogenicity in vascular tissues. 

However, at this point it is still impossible to assess whether this vascular specificity is genuine. 

Similar comparative studies to the ones performed in this work, but with an increased number 

of vascular and non-vascular pathogen species could shed some light on this matter. If real, this 

specific ability of vascular pathogens to modulate the plant cellular processes should be further 

studied in order to, in the long term, design more adequate strategies to fight against these kind 

of devastating pathogens. 
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Chapter 8 

Material and methods   
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8.1 Biological material and growth conditions 

8.1.1 Plants 

A. thaliana ecotypes Sf-2 and Col-0 were used. All T-DNA mutant (listed in table A.3) 

and pER8 transgenic lines (listed in table 4.1) were obtained/generated in the Col-0 

background. For in vitro experiments, seeds were surface-sterilized with 25% bleach treatment 

for 15 minutes and two washing steps with sterile water, and grown in Murashige & Skoog (MS) 

(Sigma-Aldrich) medium supplemented with 15 g/l agar under long day conditions (16h light; 

20°C). When required, medium was supplemented with 50 mg/l hygromycin B or 30 mg/l 

pimaricin. For inoculation assays, plants were grown individually for 4 weeks on wet Jiffy pellets 

under short day conditions (9h light; 22°C; relative humidity 70%). N. benthamiana plants were 

grown on wet Jiffy pellets for 3 weeks, then transplanted to bigger soil-filled pots for an 

additional week under long day conditions (16h light; 21°C; relative humidity 70%). Pepper 

cultivar ECW and ECW-10R were grown on soil-filled pots for 6 weeks in greenhouse conditions. 

8.1.2 Bacteria 

A list of bacterial strains used in this study is presented in table A.4. E. coli TG1, DB3.1, 

TOP10, DH5α derived strains were grown in Luria-Bertani (LB) medium (5 g/l yeast extract; 10 

g/l bacto tryptone and 10 g/l NaCl. For solid medium: 15 g/l agar) at 37°C with shaking when 

cultured in liquid. When required, medium was supplemented with 100 mg/l carbenicillin or 

chloramphenicol; 50 mg/l kanamycin or rifampicin; 40 mg/l spectinomycin; 30 g/l pimaricin; 

or 10 mg/l gentamycin or tetracycline. Xcc 8004, CN06 and derived strains were grown in Moka 

medium (4 g/l yeast extract; 8 g/l casamino acids; 2 g/l K2HPO4 and 0.3 g/l Mg2SO4 · 7 H2O. For 

solid medium: 15 g/l agar) or MME medium (8 g/l casamino acids, 10.5 g/l K2HPO4; 4.5 g/l 

K2HPO4; 1 g/l (NH4)2SO4 and 0.3 g/l Mg2SO4 · 7 H2O). Rps GMI1000 and derived strains were 

grown in φ medium (10 g/l bacto peptone; 1 g/l casamino acids; 1 g/l yeast extract. For red 

staining: 5 g/l glucose and 0.05 g/l triphenyltetrazolium chloride (TTC). For solid medium: 15 

g/l agar). A. tumefaciens GV3101 and C58 derived strains were grown in LB rich medium. Xcc, 

Rps and A. tumefaciens strains were grown at 28°C with shaking when cultured in liquid. When 

required, media were supplemented with same antibiotic concentrations as E. coli except for 10 

g/l chloramphenicol or 5 g/l tetracycline.  
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8.2 Bioinformatic analyses 

PANTHER Overrepresentation Tests on “GO biological process complete”, “GO 

molecular function complete” and “GO cellular compartment complete” annotation datasets 

were performed using the AGI codes of the different Arabidopsis gene lists compared 

(Ashburner et al., 2000; Mi et al., 2019). Fisher’s Exact test with Bonferroni correction for 

multiple testing was used every time. 

Full-length amino acid sequences were retrieved from public databases and ClustalW2.1  

multiple sequence alignments (Larkin et al., 2007) using the BLOSUM62 scoring matrix with 

gap opening/extension penalties of 10 and 0.1 respectively were conducted on Geneious 11.1.4 

(https://www.geneious.com). Phylogenetic trees were constructed based on ClustalW2.1 

alignments using the bootstrap-tested (Felsenstein, 1985) Neighbor-Joining method (Saitou and 

Nei, 1987) on MEGA X (S. Kumar et al., 2018) with the rest of parameters as default. 

The identification of transposon flanking inverted repeats was done with support from 

the “Inverted Repeats Finder” tool from the Tandem Repeats Database (Gelfand, Rodriguez and 

Benson, 2007). Once all composing elements of the xopJ6-containing transposon were 

identified, it was registered in the Transposon Registry (Tansirichaiya, Rahman and Roberts, 

2019), receiving the number Tn6714. Synteny studies between different genomic, composite 

transposon or plasmidic sequences were performed using a progressive MAUVE algorithm 

(Darling et al., 2004) on Geneious 11.1.4 (https://www.geneious.com). 

8.3 Cloning 

Different Gateway clonings were performed using “Gateway Cloning kit” (Thermo) 

following the manufacturer’s instructions. BP reaction was used to generate an entry plasmid for 

A. thaliana BRG3 using pDONR207. LR reactions were used to generate expression plasmids 

using different xop and rip entry plasmids (González-Fuente et al., 2019), and pER8-GW (for β-

estradiol-inducible expression in planta), pMDC43 (for N-terminal GFP-fusions) and pBIN-

GW-CFP/YFP (for C-terminal CFP or YFP fusions) as destination vectors. 

The generation of pK18mobsacB derivatives for the deletion of Xcc8004 hrpW and xopP 

as well as the introduction of the first 300 bp of XccCN06 xopJ6 into pAIO was done by PCR 

amplification of the region of interest using genomic DNA from Xcc and Golden Gate assembly 

http://www.geneious.com/
http://www.geneious.com/
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(Engler, Kandzia and Marillonnet, 2008). The primers used for the PCR amplification are listed 

in table A.5. 

The plasmid for the complementation of xopAG was constructed by ligation of 

BamHI/HindIII (Promega) digestion products of pCZ101, an Xcc integrative plasmid, and PCR-

amplified xopAG full gene (primers used in table A.5). The ligation was carried out with T4 

DNA Ligase (Promega). 

8.4 Plant genotyping 

Genomic DNA from 1-2 small leaves from 3-5 week-old Arabidopsis plant was extracted 

following D. Bellstedt’s rapid protocol (Bellstedt et al., 2010). The product of the extraction can 

be directly used as template for PCR. The primers used for genotyping of T-DNA mutants and 

pER8 transgenic lines are listed in table A.5. 

8.5 Pathogenicity assays 

8.5.1 Xcc pathogenicity assays 

For wound-inoculation, 4-week-old Arabidopsis plant leaves were pierced three times 

with a needle dipped in Xcc bacterial suspension at 108 CFU/ml (~ OD600=0.1) on 1 mM MgCl2. 

Four leaves per plant and four to six plants per condition were tested in each independent 

experiment. After inoculation, plants were placed in trays covered with pierced plastic film to 

increase the relative humidity and grown in short day conditions (9h light; 22°C). Different 

treated plant were randomized within trays to minimize position biases. Disease symptom 

appearance was scored at 7 and 10 days post inoculation following this index: 0-1, no symptoms; 

1-2, weak chlorosis around the inoculation sites; 2-3, stronger and extended chlorosis; and 3-4, 

necrosis. Results from independent experiments were combined and one-tailed Wilcoxon 

signed-rank tests were conducted on R version 3.5.2 (https://www.r-project.org/).  

For in planta growth assays, 5-week-old Arabidopsis plants leaves were infiltrated with a 

needleless syringe with Xcc bacterial suspension at 105 CFU/ml (~ OD600=0.0001) on 1 mM 

MgCl2. Four leaves per plants and four to six plants per condition were tested in each 

independent experiments. After inoculation, plants were placed in trays covered with plastic 

film to increase the relative humidity and grown in short day conditions (9h light; 22°C). 

Different treated plant were randomized within trays to minimize position biases. At 0 and 3 

days post inoculation, leaf disks were harvested with a punch and grinded in 100 µl sterile water.  

https://www.r-project.org/
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5 µl droplets of several dilutions were spotted on selective Moka medium in triplicate and 

incubated at 28°C for 2 days. Colonies on adequate dilutions were counted to estimate the 

CFU/cm2. Results from independent experiments were combined and one-tailed Wilcoxon 

signed-rank tests were conducted on R version 3.5.2 (https://www.r-project.org/). 

For observation of AvrBs1-dependent HR on pepper, 6-week-old pepper plant leaves 

were infiltrated with a needleless syringe with Xcc bacterial suspension at 108 CFU/ml (~ 

OD600=0.1) on 1 mM MgCl2. Pepper plants were grown in Phytotron under short day conditions 

(9h light; 22°C; 66% relative humidity). HR symptoms were observed at 24 and 48 hours post 

inoculation. For discoloration of detached leaves, they were incubated in 80% ethanol at 60-

65°C for 24 hours.  

8.5.2 Rps pathogenicity assay 

For soil-drenching inoculation, 4-week-old Arabidopsis plants grown on Jiffys were 

drenched in 2l of Rps bacterial suspension at 108 CFU/ml (~ OD600=0.1) in water for 20 minutes. 

Then, soil was added to soak the remaining bacterial suspension and Jiffys were placed over. 

Plants were grown under long day conditions (12h light; 27°C; relative humidity 80-85%). 

Different treated plant were randomized within trays to minimize position biases. Disease 

symptom appearance was scored daily 3 to 10 days post inoculation following this index: 0, no 

symptoms; 1, first wilting symptoms; 2, wilting of half of the leaves; 3, wilting of more than half 

of the leaves; and 4, complete wilting. For survival analyses, plants are considered alive when 

disease index is lower than 2 and dead when greater or equal than 2. Results from independent 

experiments were analyzed separately and the survival curves, Mantel-Cox logrank tests and hazard 

ratios were calculated with GraphPad Prism 5.03 (https://www.graphpad.com). 

8.6 Generation of Xcc sextuple effector deletion mutant 

The generation of Xcc8004 sextuple mutant (8004ΔxopAM-ΔxopG-ΔxopQ-ΔxopAG-

ΔxopP-ΔhrpW) was performed by sequential deletion of single genes by the SacB method 

(Schäfer et al., 1994). Plasmids for the deletion of single T3E genes were introduced into Xcc by 

triparental mating as previously described (Turner, Barber and Daniels, 1985). Deletions were 

verified by PCR using the left primer specific to the upstream fragment and the right primer 

specific to the downstream fragment used to amplify upstream and downstream amplicons in 

the corresponding deletion primers (Table A.5).  

https://www.r-project.org/
https://www.graphpad.com/
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8.7 Plant transformation 

For stable transformation of Arabidopsis thaliana: Agrobacterium tumefaciens strain 

GV3101 pMP90 was transformed by electroporation with the desired plant expression vector. 

Ecotype Col-0 A. thaliana plants were transformed with A. tumefaciens bacterial suspension at 

OD600 = 0.8 in 50 g/l sucrose and 100 µL/l Silwett by flower dipping (Clough and Bent, 1998). 

Plants were grown in greenhouse conditions. T1 seeds were surface-sterilized and screened for 

resistance on solid MS medium (Sigma) supplemented with 50 μg/ml hygromycin. Resistant 

plants were genotyped by PCR with transgene-specific primers (Table A.5). T2 seeds from PCR-

confirmed resistant T1 lines were screened for resistance on solid MS medium supplemented 

with 50 μg/ml hygromycin. Lines with a percentage of resistance between 60 and 90% were 

selected and re-genotyped by PCR. T3 seeds from segregation- and PCR-positive T2 lines were 

screened for resistance on solid MS medium supplemented with 50 μg/ml hygromycin to select 

homozygous lines. 

For transient expression in Nicotiana benthamiana: Agrobacterium tumefaciens strains 

GV3101 pMP90 and C58 were transformed by electroporation with the desired expression vector. 

4-week-old N. benthamiana plant leaves were infiltrated with a needless syringae with A. 

tumefaciens bacterial suspension at OD600 = 0.25 in infiltration buffer (10 mM 2-(N-

morpholino)-ethanesulfonic acid (MES); 10 mM MgCl2; and 150 µM acetosyringone) previously 

incubated in darkness for 2 hours. Plant were then grown under long day conditions (16h light; 

21°C; relative humidity 70%). 

8.8 Gene expression measurement by qPCR 

Material for RNA analysis was ground in liquid nitrogen and total RNA was isolated using 

the “Nucleospin RNA Plus kit” (Macherey-Nagel) following to the manufacturers’ 

recommendations. Reverse transcription was performed using 1 µg of total RNA with the 

“Transcriptor Reverse Transcriptase” (Roche) and oligo(dT)18 primer. Real-time quantitative 

PCR (qRT-PCR) was performed on a Light Cycler 480 II machine (Roche Diagnostics), using 

Roche reagents. Primers used for qRT-PCR are listed in table A.5. Relative expression was 

calculated as the ∆Cp between each gene and the following reference genes: Glyceraldehyde 3-

phosphate dehydrogenase C2, (GAPC2; AT1G13440) (Czechowski et al., 2005) and Oxidase 

Assemble 1  (OXA1; AT5G62050)  (Hok et al., 2011) for A. thaliana and 16S rRNA (XC_4393) for 

Xcc. 
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8.9 ROS measurement by luminometry 

The measurement of flg22-induced ROS production was measured by luminometry as 

previously described (Sang and Macho, 2017). Briefly, leaf disks (diameter: 4mm) were harvested 

on OptiPlate-96-well microplates (Perkin Elmer) containing 100 µl water and washed or 24 

hours. In the case of pER8 transgenic lines, the water was supplemented with 5 µM β-estradiol 

or equivalent volume of DMSO for induction. Then, the washing medium was substituted by 

100 µl of elicitation medium (20 µg/ml horseradish peroxidase (HRP); 100 µM luminol; and 50 

nM (unless otherwise noted) flg22) and luminescence was measured every minute for 50 

minutes on a GloMax Multimode Multiplate Reader (Promega). 

8.10 Protein extraction and detection by Western blot 

Four leaf disks (diameter: 8 mm) from transformed N. benthamiana plants were 

harvested and freezed in liquid nitrogen 24 to 48 hours post inoculation. Leaf disks were grinded 

and the proteins extracted in Laemli buffer 2X at 95°C for 5 minutes. Immunodetection of 

proteins were performed by loading 5-15 µl of protein extract on precast gels SDS-PAGE (4-15%, 

Biorad). Migrated proteins were transferred to a nitrocellulose membrane by Transblot turbo 

(Biorad). Total proteins were revealed with Ponceau S staining. GFP-, CFP- and YFP-tagged 

proteins were revealed using antibody GFP-HRP (1:3000, Roche). 

8.11 Bacterial growth in vitro 

In vitro growth curves were generated using the FLUOStar Omega apparatus (BMG 

Labtech) with four independent replicates as previously described (Boulanger et al., 2010). For 

each strain, 2 independent overnight precultures in MOKA rich medium were washed in MME 

minimal medium. Growth rates were measured using 96-well flat-bottom microtiter plates 

containing 200 µl of MOKA or MME containing 10 mM glucose inoculated at an OD600 of 0.15 

with two technical replicates for each preculture. The microplates were shaken continuously at 

700 rpm using the linear shaking mode and OD was measured every 5 minutes. Results were 

given as the mean of the four replicates (2 biological and 2 technical repeats). 

8.12 Suppressor screening 

Seeds were mutagenized with ethyl methanesulfonate (EMS) as previously described 

(Weigel and Glazebrook, 2002). Individually harvested M2 seeds were vapor-phase-sterilized 

and screened for suppression of the xopAG-mediated growth arrest on 5 µM β-estadiol and 30 



            

      

213 

 

mg/l pimaricin solid MS medium (Sigma). Lines showing consistent suppressor phenotype were 

selected and the resulting M3 seeds were re-screened for normal growth in the same conditions. 

8.13 Microscopy 

CFP and YFP fluorescence was analyzed with a confocal laser scanning microscope (TCS 

SP8; Leica) using a x25 water immersion objective lens (numerical aperture 0.95; HCX PL APO 

CS2). CFP and YFP fluorescence was excited with the 458/514 nm ray line of the argon laser and 

recorded in one of the confocal channels in the 465-520/ 525-600nm emission range 

respectively. The images were acquired in the sequential mode using Leica LAS X software 

(version 3.0). 

Fluorescence lifetime measurements were performed in time domain using a streak 

camera (Camborde et al., 2017). The light source is a 440 nm pulsed laser diode (PLP-10, 

Hamamatsu) delivering ultrafast picosecond pulses of light at a fundamental frequency of 2 

MHz. All images were acquired with a 60x oil immersion lens (plan APO 1.4 N.A., IR) mounted 

on an inverted microscope (Eclipse TE2000E, Nikon). The fluorescence emission is directed 

back into the detection unit through a short pass filter and a band pass filter (490/30 nm). The 

detector is a streak camera (Streakscope C4334, Hamamatsu) coupled to a fast and high-

sensitivity CCD camera (model C8800-53C, Hamamatsu). For each acquisition, average 

fluorescence decay profiles were plotted and lifetimes were estimated by fitting data with 

exponential function using a non-linear least-squares estimation procedure (Camborde et al., 

2017). Fluorescence lifetime of the donor was experimentally measured in the presence and 

absence of the acceptor. FRET efficiency was calculated by comparing the lifetime of the donor 

in the presence or absence of the acceptor. Statistical comparisons between control (donor) and 

assay (donor + acceptor) lifetime values were performed by Student t test. 

8.14 Measurement of GUS activity 

β-glucuronidase (GUS) activity was measured using the FLUOStar Omega apparatus 

(BMG Labtech) with three independent replicates. For each strain, 2 independent overnight 

precultures in MOKA rich medium were washed in MME minimal medium. 200 µl of MME or 

MOKA were inoculated at an OD600 of  0.3 and OD600 of 0.15 respectively with two technical 

replicates per culture on 96-well flat-bottom microtiter plates and incubated at 28°C with 700 

rpm shaking for 5-6 hours. 160 µl of bacterial culture were transferred to a new microtiter plate 

containing 40 µl 5X GEB buffer (50 mM NaHPO4, pH 7.0;  10 mM β-mercaptoethanol; 10 mM 
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EDTA, pH 8.0; 0.1% (w/v) Triton X-100; and 0.1% (w/v) sodium lauryl sarcosine) and incubated 

at 37°C for 30 minutes. Then 2 µl of 100 mg/mL p-nitrophenyl-β-D-glucuronide (pNPG) were 

added and the OD415 and OD550 were measured every 2 minutes during 1 hour at 37°C. The GUS 

activity was expressed in Miller Units. 
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Table A.1. Putative Arabidopsis targets of T3Es from Xcc8004. Table showing the 52 identified 

putative targets of Xcc8004 T3Es with their description and degree as determined in the EffectorK 

database. 

Accession Gene symbol and description Degreea Interacting Xop(s) 

AT1G10850 Leucine-rich repeat protein kinase family protein 1 XopAL2       

AT1G11090 (MAGL1) Alpha/beta-hydrolases superfamily protein 4 AvrXccA1, XopJ, XopK, 
XopR      

AT1G13320 (PP2AA3) Protein phosphatase 2A subunit A3 3 XopAC, XopJ       

AT1G22920 (CSN5A) COP9 signalosome 5A 37 XopAC       

AT1G25490 (RCN1) Roots curl in NPA 1 7 XopAC       

AT1G25550 (HHO3) HRS1 homolog 3 3 XopK       

AT1G27090 Glycine-rich protein 1 XopK       

AT1G52200 PLAC8 family protein 1 XopAC       

AT1G52870 Peroxisomal membrane 22 kDa (Mpv17/PMP22) family protein 2 XopH, XopR       

AT1G54060 (ASIL1) Member of the trihelix DNA binding protein family 6 AvrXccA1, XopJ       

AT1G55170 DNA double-strand break repair protein 2 XopR       

AT1G58100 (TCP8) TCP domain protein 8 13 AvrBs1, AvrXccA1, XopA, 
XopAC, XopAG, XopAL1, 
XopAM, XopG, XopK, 
XopP, XopR, XopX1, 
XopX2  

AT1G60990 (IBA57.2) Chloroplast-localized COG0354 1 XopAC       

AT1G71230 (CSN5B) COP9 signalosome 5B 8 AvrBs1, XopAC, XopG, 
XopK      

AT1G76850 (SEC5A) Exocyst complex component SEC5 A 4 XopK       

AT1G78040 Pollen Ole e 1 allergen and extensin family protein 2 XopAC       

AT2G17290 (CPK6) Calcium dependent protein kinase 6 3 XopAC, XopJ, XopK      

AT2G18230 (PPa2) Pyrophosphorylase 2 1 XopK       

AT2G19650 Cysteine/Histidine-rich C1 domain family protein 2 XopAC       

AT2G24020 (STIC2) Suppressor of TIC40 1 XopA       

AT2G45680 (TCP9) TCP domain protein 9 15 XopAL1, XopK       

AT3G02870 (VTC4) L-galactose-1-phosphate phosphatase 2 XopAC, XopK       

AT3G08530 (CHC2) Clathrin heavy chain 2 11 XopL, XopR       

AT3G09250 Nuclear transport factor 2 (NTF2) family protein 1 XopK       

AT3G10260 (RTNLB8) Reticulon-like B 8 1 XopK       

AT3G12920 (BRG3) BOI-related gene 3 7 XopAC, XopAG, XopAL1      

AT3G14180 (ASIL2) Sequence-specific DNA binding transcription factor 2 XopK, XopR       

AT3G15950 (NAI2) Similar to TSK-associating protein 1 (TSA1) 1 XopAC       

AT3G25800 (PP2AA2) Protein phosphatase 2A subunit A2 3 XopAC       

AT3G27960 (KLCR2) Kinesin light chain-related 2 21 XopAC, XopAG, XopF, 
XopZ      

AT3G28670 Oxidoreductase, zinc-binding dehydrogenase family protein 4 XopJ, XopK, XopR, 
XopX2      

AT3G46670 (UGT76E11) UDP-glucosyl transferase 76E11 3 XopK, XopP, XopX2      

AT3G51090 Coiled-coil 90B-like protein (DUF1640) 3 XopAC, XopK, XopR      

AT3G53990 (ATUSP) Universal stress protein 1 XopAC       

AT3G54000 TIP41-like protein 3 XopAL1       

AT3G58040 (SINAT2) Seven in absentia of Arabidopsis 2 1 XopAC       

AT4G01090 Hypothetical protein 9 XopAG, XopR       

AT4G09060 Hypothetical protein 3 XopK       
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AT4G17680 SBP (S-ribonuclease binding protein) family protein 16 XopAC, XopAG, XopAL1, 
XopP      

AT4G26660 Kinesin-like protein 2 XopR       

AT4G38580 (FP6) Farnesylated protein 6 1 XopK       

AT5G02020 (SIS) Salt induced serine rich 2 XopR       

AT5G08070 (TCP17) TCP domain protein 17 7 XopAC, XopK, XopR      

AT5G13890 Plant viral-response family protein (DUF716) 2 XopAC, XopJ       

AT5G15790 RING/U-box superfamily protein 1 XopK       

AT5G26720 Ubiquitin carboxyl-terminal hydrolase-like protein 4 XopAC, XopJ, XopK      

AT5G37890 (SINAL7) SINA-like 7 1 XopAM       

AT5G42050 (NRP) Asparagine rich protein 1 XopAC       

AT5G42270 (VAR1) Variegated 1 1 XopAC       

AT5G51110 (SDIRIP1) SDIR1-interacting protein 1 3 XopK       

AT5G51440 (HSP23.5) HSP20-like chaperones superfamily protein 7 XopAC, XopAL1       

AT5G63790 (NAC102) NAC domain containing protein 102 1 XopAC       

a Effector degree (number of interacting effector proteins) in EffectorK database including 23 species, not 

only Xanthomonas campestris pv. campestris.  
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Table A.2. Putative Arabidopsis targets of T3Es from RpsGMI1000. Table showing the 176 identified 
putative targets of RpsGMI1000 T3Es with their description and degree as determined in the EffectorK 
database. 

Accession Gene symbol and description Degreea Interacting Rip(s) 

AT1G04260 (MPI7) CaMV movement protein interacting protein 7 6 RipA1, RipA4, RipD, 
RipG4, RipG6, RipO1 

AT1G05410 CDPK adapter, putative (DUF1423) 4 RipAD, RipAE, RipO1, 
RipV1 

AT1G05960 ARM repeat superfamily protein 1 RipAJ  

AT1G06390 (GSK1) GSK3/shaggy-like protein kinase 1 2 RipA3, RipS3 

AT1G06510 Forkhead-associated domain protein 4 RipAE  

AT1G07350 (SR45a) Serine/arginine rich-like protein 45A 6 RipA2, RipA3, RipAE, 
RipS3, RipV1, RipY 

AT1G09660 RNA-binding KH domain-containing protein 2 RipAE, RipO1 

AT1G13320 (PP2AA3) Protein phosphatase 2A subunit A3 3 RipAJ  

AT1G14340 (BPL3) ACD11 binding partner, negatively regulates ROS-
mediated defense response 

5 RipA1, RipG4 

AT1G17720 (ATB BETA) Type 2A protein serine/threonine phosphatase 1 RipAJ  

AT1G20140 (SK4) SKP1-like 4 2 RipG1  

AT1G22070 (TGA3) TGA1A-related gene 3 1 RipO1  

AT1G22300 (GRF10) General regulatory factor 10 2 RipAE, RipAJ 

AT1G22550 (NPF5.16) Tonoplast localized low affinity nitrogen transporter 1 RipAJ  

AT1G22920 (CSN5A) COP9 signalosome 5A 37 RipAJ, RipO1 

AT1G24590 (DRNL) Dornroschen-like 2 RipAE, RipO1 

AT1G25490 (RCN1) Roots curl in NPA 1 7 RipAJ  

AT1G26470 (SNS1) SNRK2 substrate 1 2 RipG5, RipO1 

AT1G26660 Prefoldin chaperone subunit family protein 1 RipG1  

AT1G27300 Transmembrane protein 4 RipA1  

AT1G30860 RING/U-box superfamily protein 5 RipAE, RipH3, RipS3, 
RipV1 

AT1G50710 (AUG4) HAUS augmin-like complex subunit 1 RipO1  

AT1G55190 (PRA7) PRA1 (Prenylated rab acceptor) family protein 5 RipA1, RipA4, RipG6 

AT1G68810 (ABS5) Basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein 

3 RipAE, RipG4, RipO1 

AT1G71230 (CSN5B) COP9 signalosome 5B 8 RipAJ, RipAM, RipO1 

AT1G72210 (BHLH096) Basic helix-loop-helix (bHLH) superfamily protein 4 RipAD, RipG4, RipH3, 
RipO1 

AT1G72340 NagB/RpiA/CoA transferase-like superfamily protein 4 RipAE, RipO1, RipS3, 
RipV1 

AT1G73030 (VPS46.2) ESCRT-related protein 1 RipH2  

AT1G73500 (MKK9) MAP kinase kinase 9 1 RipG7  

AT1G75950 (SKP1) S phase kinase-associated protein 1 7 RipG1, RipG5, RipG7 

AT1G78300 (GRF2) General regulatory factor 2 1 RipAJ  

AT1G79070 SNARE-associated protein-like protein 2 RipAK, RipP2 

AT1G80040 Ubiquitin system component Cue 1 RipO1  

AT1G80940 Snf1 kinase interactor-like protein 2 RipAE, RipV1 

AT2G03190 (SK16) SKP1-like 16 2 RipG1  

AT2G05260 Alpha/beta-hydrolases superfamily protein 1 RipO1  

AT2G17990 (AtCAP2) Calcium-dependent protein kinase 1 adaptor protein 2 6 RipA5, RipAD, RipAE, 
RipO1, RipS3, RipV1 

AT2G21380 (KIN7.2) Kinesin motor family protein 3 RipAE, RipV1 

AT2G23290 (MYB70) MYB domain protein 70 8 RipAD, RipAE, RipV1 
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AT2G23760 (BLH4) Member of the BEL family of homeodomain proteins 3 RipAE, RipAK, RipO1 

AT2G25700 (SK3) SKP1-like 3 2 RipG1, RipG7 

AT2G26560 (PLA2A) Phospholipase A 2A 1 RipG3  

AT2G27820 (PD1) Prephenate dehydratase 1 3 RipAE, RipS3, RipV1 

AT2G31070 (TCP10) TCP domain protein 10 3 RipAJ, RipO1 

AT2G34090 (MEE18) Maternal effect embryo arrest 18 3 RipAE, RipAJ, RipO1 

AT2G35330 (PIR1) PP2CA interacting RING finger protein 1 1 RipAJ  

AT2G36410 Transcriptional activator (DUF662) 3 RipAE, RipP2, RipV1 

AT2G37630 (AS1) Asymmetric leaves 1,a MYB-domain protein 2 RipAE, RipP1 

AT2G39450 (MTP11) Golgi-localized manganese transporter 1 RipA1  

AT2G41350 (AUG1) Augmin 1 5 RipAE  

AT2G42790 (CSY3) Peroxisomal citrate synthase 4 RipAE, RipO1, RipP2, 
RipS3 

AT2G44950 (HUB1) Histone mono-ubiquitination 1 4 RipAE  

AT2G45680 (TCP9) TCP domain protein 9 15 RipAE, RipAJ, RipAK, 
RipAW, RipG4, RipO1, 
RipP2 

AT2G46550 Transmembrane protein 1 RipA2  

AT3G01670 (SEOA) Sieve element occlusion A 4 RipAE, RipS3 

AT3G02520 (GRF7) General regulatory factor 7 2 RipAD, RipAJ 

AT3G05545 RING/U-box superfamily protein 2 RipAE, RipV1 

AT3G07780 (OBE1) Oberon 1 12 RipA1, RipA3, RipA4, 
RipA5, RipAD, RipAE, 
RipS3, RipV1 

AT3G08530 (CHC2) Clathrin heavy chain 2 11 RipAD, RipAE 

AT3G11410 (PP2CA) Protein phosphatase 2CA 3 RipAE, RipAJ, RipO1 

AT3G11590 Golgin family A protein 7 RipAE, RipH2, RipS3, 
RipV1 

AT3G12140 (EML1) EMSY-like 1 1 RipAE  

AT3G12920 (BRG3) BOI-related gene 3 7 RipA1, RipAE, RipO1, 
RipV1 

AT3G13720 (PRA8) PRA1 (Prenylated rab acceptor) family protein 6 RipA1, RipA4, RipD, 
RipG6 

AT3G16310 Mitotic phosphoprotein N end (MPPN) family protein 3 RipA1, RipH2 

AT3G17310 (DRM3) Domains Rearranged Methyltransferase3 1 RipAE  

AT3G18490 (ASPG1) Aspartic protease in guard cell 1 1 RipAJ  

AT3G21140 Pyridoxamine 5-phosphate oxidase family protein 3 RipAE, RipAK, RipO1 

AT3G21175 (ZML1) ZIM-like 1 1 RipAJ  

AT3G21330 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 2 RipH2, RipO1 

AT3G21810 Zinc finger C-x8-C-x5-C-x3-H type family protein 4 RipAE, RipH3, RipS3, 
RipV1 

AT3G22960 (PKP-ALPHA) Pyruvate kinase alpha subunit 2 RipAE, RipV1 

AT3G23220 (ESE1) Ethylene and salt inducible 1 1 RipV1  

AT3G25710 (BHLH32) Basic helix-loop-helix 32 4 RipAE, RipG4, RipO1 

AT3G25800 (PP2AA2) Protein phosphatase 2A subunit A2 3 RipAJ  

AT3G27010 (TCP20) TCP domain protein 20 7 RipO1  

AT3G27960 (KLCR2) Kinesin light chain-related 2 21 RipA1, RipA2, RipA4, 
RipA5, RipAD, RipAE, 
RipG4, RipO1, RipS3, 
RipS6, RipV1 

AT3G43590 Zinc knuckle (CCHC-type) family protein 2 RipA3, RipAE 

AT3G44720 (ADT4) Arogenate dehydratase 4 3 RipAE, RipO1 

AT3G48150 (APC8) Anaphase-promoting complex subunit 8 18 RipAE, RipAK, RipO1, 
RipS3, RipV1 
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AT3G48550 SHOOT GRAVITROPISM-like protein 3 RipAE, RipO1 

AT3G49580 (LSU1) Response to low sulfur 1 21 RipA1, RipA2, RipA4, 
RipAD, RipAE, RipAV, 
RipAW, RipG4, RipO1, 
RipS3, RipV1 

AT3G49760 (bZIP5) Basic leucine-zipper 5 2 RipAK, RipW 

AT3G50910 Netrin receptor DCC 3 RipA1, RipV1 

AT3G50940 P-loop containing nucleoside triphosphate hydrolases 
superfamily protein 

2 RipA1, RipG6 

AT3G52890 (KIPK) KCBP-interacting protein kinase 1 RipAE  

AT3G54000 TIP41-like protein 3 RipAK, RipO1 

AT3G54230 (SUA) Suppressor of ABI3-5 3 RipAE, RipAO 

AT3G54390 Sequence-specific DNA binding transcription factor 3 RipH3, RipS3 

AT3G60630 (HAM2) Hairy meristem 2 1 RipO1  

AT4G00270 (GeBP) GL1 enhancer binding protein 6 RipA2, RipAE, RipAX2, 
RipP2, RipS3, RipV1 

AT4G01090 Hypothetical protein 9 RipA2, RipAE, RipS3, 
RipV1 

AT4G02590 (UNE12) Unfertilized embryo sac 12 5 RipO1  

AT4G03415 (PP2C52) Myristoylated 2C-type protein phosphatase 1 RipAJ  

AT4G04020 (FIB) Fibrillin precursor protein 3 RipAJ  

AT4G04890 (PDF2) Protodermal factor 2 1 RipO1  

AT4G08150 (KNAT1) KNOTTED-like from Arabidopsis thaliana 1 7 RipA5, RipAE, RipO1, 
RipS3, RipV1 

AT4G09000 (GRF1) General regulatory factor 1 1 RipAJ  

AT4G09060 Hypothetical protein 3 RipAE, RipO1 

AT4G10480 Nascent polypeptide-associated complex (NAC), alpha subunit 
family protein 

1 RipH2  

AT4G10750 Phosphoenolpyruvate carboxylase family protein 1 RipAE  

AT4G15930 Dynein light chain type 1 family protein 1 RipAD  

AT4G17220 (MAP70-5) Microtubule associated protein 70-5 2 RipAE  

AT4G17680 SBP (S-ribonuclease binding protein) family protein 16 RipAD, RipAE, RipAK, 
RipO1 

AT4G18910 (NIP1;2) NOD26-like intrinsic protein 1;2 1 RipAJ  

AT4G19030 (NLM1) NOD26-like major intrinsic protein 1 4 RipA1  

AT4G19700 (BOI) Botrytis Susceptible 1 Interactor 8 RipAE, RipAK, RipO1, 
RipV1 

AT4G23050 PAS domain-containing protein tyrosine kinase family protein 4 RipAE, RipH3, RipO1, 
RipV1 

AT4G23870 Hypothetical protein 1 RipAJ  

AT4G24840 (COG2) Conserved oligomeric Golgi complex 2 10 RipAE, RipH3, RipO1, 
RipV1 

AT4G25660 PPPDE putative thiol peptidase family protein 3 RipA1, RipG6, RipO1 

AT4G25680 PPPDE putative thiol peptidase family protein 1 RipO1  

AT4G25920 (ATDOA9) DUF295 organellar A9 2 RipAE  

AT4G26455 (WIP1) WPP domain interacting protein 1 2 RipA1, RipAE 

AT4G26660 Kinesin-like protein 2 RipAE  

AT4G26750 (EXT-like) Extensin-like 2 RipA3, RipAO 

AT4G28640 (IAA11) IAA inducible 11 5 RipAE, RipV1 

AT4G29780 Expression of the gene is affected by multiple stresses 1 RipAE  

AT4G29790 Serine/arginine repetitive matrix protein 1 RipAW  

AT4G31430 (KAKU4) Plant-specific protein that physically interacts with 
CRWN1 and its homolog CRWN4 

1 RipA1  

AT4G32190 (PII1) Protein involved in starch initiation 3 RipAE, RipG1 

AT4G32570 (TIFY8) TIFY domain protein 8 3 RipAE, RipO1 
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AT4G35090 (CAT2) Peroxisomal catalase 2 RipAK, RipO1 

AT4G36930 (SPT) Spatula, member of bHLH protein family 1 RipO1  

AT4G39050 (KIN7.4) Kinesin motor family protein 10 RipAD, RipG1 

AT5G02020 (SIS) Salt induced serine rich 2 RipO1  

AT5G02150 (Fes1C) One of the Arabidopsis orthologs of the human Hsp70-
binding protein 1 (HspBP-1) 

4 RipAE, RipO1 

AT5G06530 (ABCG22) ATP-binding cassette G22 1 RipAJ  

AT5G06560 (MYOB7) Myosin-binding protein 2 RipA1, RipV1 

AT5G06780 (EML2) EMSY-like 2 4 RipAE  

AT5G07380 Hypothetical protein 1 RipP2  

AT5G08070 (TCP17) TCP domain protein 17 7 RipAE, RipAJ, RipAK, 
RipO1 

AT5G08330 (TCP21) TCP domain protein 21 7 RipAJ  

AT5G13810 Glutaredoxin family protein 4 RipAE, RipO1 

AT5G16550 (LDIP) LDAP interacting protein 2 RipA1, RipA5 

AT5G17490 (RGL3) RGA-like protein 3 3 RipAK, RipO1 

AT5G19390 (HGAP2) Protein with similarity to REN1, a Rho GTPase 
activating protein 

4 RipAE, RipH3, RipS3, 
RipV1 

AT5G20130 Sulfate adenylyltransferase subunit 1 RipAJ  

AT5G22310 Trichohyalin-like protein 7 RipAE, RipH2, RipV1 

AT5G22570 (WRKY38) WRKY DNA-binding protein 38 1 RipAE  

AT5G22920 ((RZPF34) RING/Zn-finger protein 34) RING ZINC-FINGER 
PROTEIN 34 (RZPF34) 

1 RipO1  

AT5G24170 Got1/Sft2-like vesicle transport protein family 1 RipA1  

AT5G26720 Ubiquitin carboxyl-terminal hydrolase-like protein 4 RipAJ  

AT5G26751 (SK 11) SHAGGY-related kinase 11 2 RipA2, RipS3 

AT5G28300 (GT2L) GT-2-like protein 1 RipAE  

AT5G28900 Calcium-binding EF-hand family protein 4 RipA1, RipA3, RipAK, 
RipO1 

AT5G38110 (ASF1B) Anti-silencing function 1B 1 RipAJ  

AT5G38470 (RAD23D) Raduatuib sensitive 23 D 2 RipW  

AT5G38480 (GRF3) General regulatory factor 3 1 RipAJ  

AT5G41410 (BEL1) Homeodomain protein required for ovule identity 3 RipAE, RipAK, RipO1 

AT5G42190 (SKP1B) Similar to SKP1 7 RipG1, RipG5 

AT5G42480 (ARC6) Accumulation and replication of chloroplasts 6 10 RipA1, RipAE, RipAW, 
RipB, RipG4, RipH2, 
RipH3, RipO1, RipS3 

AT5G44090 Calcium-binding EF-hand family protein 1 RipA4  

AT5G44160 (NUC) Nutcracker 1 RipAE  

AT5G47790 SMAD/FHA domain-containing protein 1 RipAJ  

AT5G48370 Thioesterase/thiol ester dehydrase-isomerase superfamily 
protein 

6 RipAE, RipAX2, RipO1 

AT5G51110 (SDIRIP1) SDIR1-interacting protein 1 3 RipO1  

AT5G51440 (HSP23.5) HSP20-like chaperones superfamily protein 7 RipAE, RipAK, RipAW, 
RipH3, RipO1 

AT5G53060 (RCF3) Regulator of CBF gene expression 3 2 RipA3, RipV1 

AT5G53330 Ubiquitin-associated/translation elongation factor EF1B protein 4 RipAD, RipAE, RipS3, 
RipV1 

AT5G53620 RNA polymerase II degradation factor 1 RipO1  

AT5G55620 Hypothetical protein 1 RipG7  

AT5G56140 RNA-binding KH domain-containing protein 2 RipAE, RipV1 

AT5G57210 Ypt/Rab-GAP domain of gyp1p superfamily protein 4 RipAE, RipO1 

AT5G58690 (PLC5) Phosphatidylinositol-specific phospholipase C5 1 RipAJ 
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AT5G58720 SMR (Small MutS Related) domain-containing protein 5 RipAE, RipV1 

AT5G58960 (GIL1) Gravitropic in the light 1 3 RipAE, RipS3, RipV1 

AT5G59210 Myosin heavy chain-like protein 1 RipAE 

AT5G59610 (DJC73) Chaperone DnaJ-domain superfamily protein 1 RipP2 

AT5G59730 (EXO70H7) Exocyst subunit EXO70 family protein H7 1 RipG7 

AT5G61010 (EXO70E2) Exocyst subunit EXO70 family protein E2 6 RipAD, RipAE, RipS3, 
RipV1 

AT5G63310 (NDPK2) Nucleoside diphosphate kinase 2 1 RipH3 

AT5G63510 (GAMMA CAL1) Gamma carbonic anhydrase-like protein 1 1 RipG7 

AT5G65410 (HB25) Homeobox protein 25 1 RipAJ 

AT5G66480 Bacteriophage N4 adsorption B protein 5 RipA1, RipV1 

AT5G66770 GRAS family transcription factor 1 RipO1 

a Effector degree (number of interacting effector proteins) in EffectorK database including 23 species, not 

only Ralstonia pseudosolanacearum. 

  



            

      

253 

 

Table A.3. Putative targets of orthologous T3Es from Xcc8004 and RpsGMI1000. For each T3E from the 
set of orthologs between Xcc8004 and RpsGMI1000, the number of identified targets (if any) is presented. 
Common targets of both members of each orthologous groups are also indicated. 

Accession Gene symbol Mutant line Given name Origin 

AT1G13320 PP2AA3 SALK_014113 MGF316 A. Delong (Brown University) 

AT1G13320 PP2AA3 SALK_099550 MGF318 A. Delong (Brown University) 

AT1G22920 CSN5A SALK_063436 MGF323 V. Decroocq (BFP, Bordeaux) 

AT1G22920 CSN5A SALK_027705 MGF336 V. Decroocq (BFP, Bordeaux) 

AT1G25490 RCN1 SALK_059903 MGF309 A. Delong (Brown University) 

AT1G25490 RCN1 SALK_059903 MGF358 NASC 

AT1G71230 CSN5B SALK_007134 MGF327 V. Decroocq (BFP, Bordeaux) 

AT1G71230 CSN5B SALK_007134 MGF349 NASC 

AT2G45680 TCP9 SALK_143587 MGF241 R. Immink (Wageningen University) 

AT2G45680 TCP9 WiscDsLox384D1 MGF301 NASC 

AT2G45680 TCP9 SALK_035853 MGF376 NASC 

AT3G08530 CHC2 SAIL_601_A09 MGF452 R. Berthomé (LIPM, Toulouse) 

AT3G08530 CHC2 SAIL_720_D10 MGF453 R. Berthomé (LIPM, Toulouse) 

AT3G12920 BRG3 GK-661B07.01 MGF346 NASC 

AT3G12920 BRG3 SAIL_261_G05 MGF362 NASC 

AT3G12920 BRG3 SAIL_302_F07 MGF366 NASC 

AT3G25800 PP2AA2 SALK_037095 MGF311 A. Delong (Brown University) 

AT3G25800 PP2AA2 SALK_042724 MGF371 A. Delong (Brown University) 

AT3G27960 KLCR2 SALK_142719 MGF283 NASC 

AT3G27960 KLCR2 SALK_148296 MGF354 NASC 

AT3G54000 - WiscDsLox247H12 MGF294 NASC 

AT4G01090 - SALK_087137 MGF280 NASC 

AT4G09060 - SALK_143698 MGF284 NASC 

AT4G09060 - SAIL_134_D02 MGF286 NASC 

AT4G17680 - SAIL_1281_C06 MGF291 NASC 

AT4G17680 - SAIL_420_E12 MGF341 NASC 

AT4G26660 - SALK_025234 MGF262 NASC 

AT4G26660 - SALK_086971 MGF268 NASC 

AT5G02020 SIS SALK_064028 MGF249 A. Polle (Gottingen University) 

AT5G02020 SIS SALK_040413 MGF370 NASC 

AT5G08070 TCP17 SALK_148580 MGF274 NASC 

AT5G08070 TCP17 SALK_147288 MGF360 NASC 

AT5G26720 - SALK_022204 MGF255 NASC 

AT5G51110 SDIRIP1 GK-453C08.01 MGF254 NASC 

AT5G51440 HSP23.5 SALK_118536 MGF271 NASC 
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Table A.4. List of bacterial strains used in this study. List of bacterial strains used in this study with 
the internal collection code, description and resistance marker classified by experimental use.  

Code Description Species a Strain Resistance b  

Pathogenicity assays    

MC40 WT Xcc 8004 Rif 
MC44 ∆xopAC Xcc 8004 Rif 
LNL996 ∆xopAG Xcc 8004 Rif 
LNL645 ∆xopQ Xcc 8004 Rif 
LNL812 ∆xopP-xopAL1 Xcc 8004 Rif 
LNL649 ∆xopAM Xcc 8004 Rif 
EG67 ∆xopG Xcc 8004 Rif 
MGF172 ∆hrpW Xcc 8004 Rif 
MGF170 ∆xopAG∆xopQ∆xopP∆xopAM∆xopG∆hrpW Xcc 8004 Rif 
MGF195 ∆xopAG∆xopAG Xcc 8004 Rif 
MGF284 ∆xopAG∆xopAG::xopAG Xcc 8004 Rif 
GMI1000 WT Rps GMI1000 - 
GRS174 ∆ripO1 Rps GMI1000 Gm 

Generation of transgenic Arabidopsis lines    

LN1310 pER8-hrpW Atu GV3101 Rif/Gm/Spc 
LN1313 pER8-xopAG Atu GV3101 Rif/Gm/Spc 
LN1317 pER8-xopAM Atu GV3101 Rif/Gm/Spc 
LN1257 pER8-xopG Atu GV3101 Rif/Gm/Spc 
LN1263 pER8-xopP Atu GV3101 Rif/Gm/Spc 
LN1264 pER8-xopQ Atu GV3101 Rif/Gm/Spc 
MGF149 pER8-xopJ6 Atu GV3101 Rif/Gm/Spc 
MGF30 pER8-ripAX1 Atu GV3101 Rif/Gm/Spc 
MGF32 pER8-ripAX2 Atu GV3101 Rif/Gm/Spc 
MGF34 pER8-ripB Atu GV3101 Rif/Gm/Spc 
MGF36 pER8-ripH1 Atu GV3101 Rif/Gm/Spc 
MGF38 pER8-ripH2 Atu GV3101 Rif/Gm/Spc 
MGF40 pER8-ripH3 Atu GV3101 Rif/Gm/Spc 
MGF42 pER8-ripO1 Atu GV3101 Rif/Gm/Spc 
MGF44 pER8-ripR Atu GV3101 Rif/Gm/Spc 
MGF46 pER8-ripW Atu GV3101 Rif/Gm/Spc 

ROS burst measurement    

NP120 pMDC43-RanBP1 Atu GV3101 Rif/Tc/Kan 
MGF188 pMDC43-xopP Atu GV3101 Rif/Tc/Kan 
MGF182 pMDC43-xopAG Atu GV3101 Rif/Tc/Kan 
MGF186 pMDC43-ripO1 Atu GV3101 Rif/Tc/Kan 
MGF184 pMDC43-xopJ6 Atu GV3101 Rif/Tc/Kan 

Microscopy    

MGF249 pBIN-xopAG-CFP Atu C58 Tc/Kan 
MGF241 pBIN-xopAG-YFP Atu C58 Tc/Kan 
MGF244 pBIN-ripO1-CFP Atu C58 Tc/Kan 
MGF242 pBIN-ripO1-YFP Atu C58 Tc/Kan 
MGF259 pBIN-BRG3-CFP Atu C58 Tc/Kan 
MGF257 pBIN-BRG3-YFP Atu C58 Tc/Kan 
MGF283 pAM-PAT-35S-GFP Atu GV3101 Gm/Cb 

Regulation/translocation assays    

EL308 WT Xcc CN06 Rif 
MGF166 pAIO-J6 Xcc CN06 Rif 
MGF159 ∆hrcV pAIO-J6 Xcc CN06 Rif 
MGF157 hrpG* pAIO-J6 Xcc CN06 Rif 
MGF161 hrpG* ∆hrcV pAIO-J6 Xcc CN06 Rif 
MGF198 pAIO-W Xcc CN06 Rif 
MGF200 ∆hrcV pAIO-W Xcc CN06 Rif 
MGF202 hrpG* pAIO-W Xcc CN06 Rif 
MC40 WT Xcc 8004 Rif 
LNL619 ∆avrBs1 Xcc 8004 Rif 

a Xcc: X. campestris pv. campestris; Rps: R. pseudosolanacearum; Atu: A. tumefaciens. 
b Rif: rifampicin; Gm: gentamycin; Spc: spectinomycin; Tc: tetracycline; Kan: kanamycin; Cb: carbenicillin. 

  



            

      

255 

 

Table A.5. List of primers used in this study. List of primers used in this study with the internal 
collection code, description and sequence (5’ to 3’) classified by experimental use. 

Code Description Sequence (5' to 3') 

Genotyping of T-DNA lines  

MGF53 GABI_453C08_LP CCCAAAAATATAGAAAAGCCAATG 

MGF54 GABI_453C08_RP TAATGTCCGGCAAATTTGAAG 

MGF55 SALK_022204_LP GAGGTCTCATCACACGAAAGC 

MGF56 SALK_022204_RP TTTTGTTTTGAGTCCAAAGGC 

MGF57 SALK_025234_LP TTTCCGTTGCAGAGTTTGAAG 

MGF58 SALK_025234_RP TGTCTGAATTTCGATTCGACC 

MGF59 SALK_040413_LP TGTACCTGCAAAATCCGAAAC 

MGF60 SALK_040413_RP ATTATGGAAGACCCCACAAGC 

MGF61 SALK_040760_LP ACATTCTTCACGGTTCGTTTG 

MGF62 SALK_040760_RP CAACGTCGAACACCAGTATCC 

MGF64 LB (SALK) ATTTTGCCGATTTCGGAAC 

MGF65 SALK_086971_LP CGCAACTAGGAAGCTGTGATC 

MGF66 SALK_086971_RP AAGCGAGAACAGGTTCCTAGG 

MGF67 SALK_087137_LP GAGTGTTGAGATTCAGAGCGG 

MGF68 SALK_087137_RP CAAAGATCATCTACTTCGCGG 

MGF69 SALK_142719_LP TGCAAGTAGGGAAGAAGTCATC 

MGF70 SALK_142719_RP ACCAAGCTCAGGACTCTCCTC 

MGF71 SALK_143698_LP GGAAATGAGTGGTGAAAACATG 

MGF72 SALK_143698_RP TCAATCAAATCCCAGAAAACG 

MGF73 SALK_123484_LP TCAATCCCTCAGCCAGATATG 

MGF74 SALK_123484_RP CACTCGAGTGTTATCTTCGGC 

MGF75 SALK_118536_LP CTTCGCATCGAACTTCTCATC  

MGF76 SALK_118536_RP CCTACTCGTAAACCTCCGTCC 

MGF77 SALK_148580_LP TCTTTGGATCCTCAGATCTTCC 

MGF78 SALK_148580_RP ATGTACCTTTGCTCGCATCAG 

MGF79 SAIL_108_D03_LP AGCGAGTGCAGCTCTGTTTAC 

MGF80 SAIL_108_D03_RP AAGAAGACCACCTCCAGTTCC 

MGF81 SAIL_134_D02_LP TTGAGGTGGATATCAAATGGG 

MGF82 SAIL_134_D02_RP TGCTCAGCTTTAGCGAGATTC 

MGF83 SAIL_1281_C06_LP AATCCCAACCAACTATGGACC 

MGF84 SAIL_1281_C06_RP AAAACGGTGATGATTGAATGG 

MGF85 WiscDsLox247H12_LP AACAAATCAAACTTTGCCACG 

MGF86 WiscDsLox247H12_RP ATGACATAACCATCTGCCGAG 

MGF87 WiscDsLox384D1_LP GGCGGGAAAAGCTAATAACTG 

MGF88 WiscDsLox384D1_RP CTGGACCCCATTGTACAGATG 

MGF92 LB (SAIL) TAGCATCTGAATTTCATAACCAATCTCGATACAC 

MGF93 LB (GABI KIT) ATATTGACCATCATACTCATTGC 

MGF97 SALK_146631_LP ATGTGTTTGTTGCAGGAGGAG 

MGF98 SALK_146631_RP TCAGGATCGATGTAGAGCACC 

MGF99 SALK_064028_LP TGTGGCAACTACCGACCTTAG 

MGF100 SALK_064028_RP TCGAAATCGAAATGGAAACAG 

MGF101 SM_3_29639_LP TGAATCTGTTTTTCCTCCATCC 

MGF102 SM_3_29639_RP CTCGAAGCAGCAAAAGATGAC 

MGF103 SM_3_23151_LP CAGCAAAACCCTAGATTTCCTG 

MGF104 SM_3_23151_RP TTGTTGGTGATGTCGTCATTG 

MGF105 SALK_147288_LP TCTTTGGATCCTCAGATCTTCC 

MGF106 SALK_147288_RP ATGTACCTTTGCTCGCATCAG 

MGF107 SALK_143587_LP AACCTTAAAAATCCCGACGAC 

MGF108 SALK_143587_RP GGACCATGACTTAGAGAGGGC 

MGF109 SALK_016203_LP AAATTTCTTGAACCCACCACC 

MGF110 SALK_016203_RP CCACCTGCAAGTTCAAACAAC 

MGF112 SALK_014113_LP TATTTCCAAACTTTGGGGGAC 

MGF113 SALK_014113_RP ATGGACACAGCTTGAAGATGG 

MGF114 SALK_099550_LP GCACCAAGCTTCTCATCAAAG 

MGF115 SALK_099550_RP GACCGGAGCCAACTAGGTAAG 

MGF116 SALK_063436_LP CCCTCCCAAGTTTTAAAATCG 

MGF117 SALK_063436_RP ATGCCAAATCTATGTGTTGCC 

MGF118 SALK_027705_LP ACGATGTAATCATGGGCTCTG 

MGF119 SALK_027705_RP TCACCTTCTGGATCTCCTTTG 

MGF120 GABI_444C01_LP AGACTTTGAACGATCCTCGTG 

MGF121 GABI_444C01_RP CTGTGGCTCCTTCTGATCTTG 

MGF122 SALK_027705_LP ACGATGTAATCATGGGCTCTG 

MGF123 SALK_027705_RP TCACCTTCTGGATCTCCTTTG 

MGF124 SALK_059903_LP GCACAAATCCTATTTGGCTTG 

MGF125 SALK_059903_RP AGTTAGAACCATGGAACGCAC 
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MGF126 SALK_059903_LP GCACAAATCCTATTTGGCTTG 

MGF127 SALK_059903_RP AGTTAGAACCATGGAACGCAC 

MGF128 SAIL_656_F11_LP TGGATTGTAATGAGCTGTCCC 

MGF129 SAIL_656_F11_RP TTGAAGCTGATGATGAAACCC 

MGF130 SALK_007134_LP AATCCCCGAAGTAACATTTTTG 

MGF131 SALK_007134_RP CATTACCCAGCAGTGGAGAAG 

MGF132 SALK_035853_LP TGTGACCGGTTTAATCAAAGG 

MGF133 SALK_035853_RP TTCCTTCAACCTTCGTGTGAC 

MGF134 GABI_661B07_LP AACCAACGATACAGTCCGTTG 

MGF135 GABI_661B07_RP GGAAATGACATTGAAAGTGGG 

MGF136 SAIL_261_G05_LP TTGGCAGACAAGAGTGTGTTG 

MGF137 SAIL_261_G05_RP GCTAACTTCCACCGTTCTTCC 

MGF138 SAIL_302_F07_LP AACCAACGATACAGTCCGTTG 

MGF139 SAIL_302_F07_RP TCGTGTTCCATCATCATCATC 

MGF140 SALK_042724_LP CGATGTTACGTGCCCTCTTAC 

MGF141 SALK_042724_RP TCTACCGAATGACCATTTTGC 

MGF142 SALK_037095_LP AGCTGCTATGCGTACTTCAGC 

MGF143 SALK_037095_RP ATGATCGATGAGCCGTTGTAC 

MGF144 SALK_148296_LP GTTCCTGGAGTCGGTTTTAGG 

MGF145 SALK_148296_RP GTCCAGGGCGAGTTTTATTTC 

MGF146 SAIL_420_E12_LP TCGCAAAAATAGAATCATATAAAGATG 

MGF147 SAIL_420_E12_RP AAGAAGCGGAGTTGGAGAAAG 

MGF148 SALK_147288_LP TCTTTGGATCCTCAGATCTTCC 

MGF149 SALK_147288_RP ATGTACCTTTGCTCGCATCAG 

MGF150 SALK_026434_LP TCAGCTAGGAAGTTAGCTGCG 

MGF151 SALK_026434_RP AATGCTCAAAGAAACATCCCC 

MGF152 SALK_059068_LP TTTCTCAACCATCACTCTCGC 

MGF153 SALK_059068_RP ATGCTAAATCTGGCAATGGAC 

MGF154 SALK_035853_LP TGTGACCGGTTTAATCAAAGG 

MGF155 SALK_035853_RP TTCCTTCAACCTTCGTGTGAC 

MGF156 SALK_044149_LP CTAGCATGTCCCTCGTCTCTG 

MGF157 SALK_044149_RP ACCCGAGAGGATATGGTGATC 

MGF158 SALK_066339_LP TTCCGGTTTCACTTTTTCATG 

MGF159 SALK_066339_RP TGAGGATCCGTCGATATCTTG 

MGF160 SALK_098769_LP TACAAGGTTTGCGAATCCAAC 

MGF161 SALK_098769_RP ATTCCAATTCCTGCGTTTACC 

MGF162 SALK_024167_LP GCTTGTTGTAAAATCGTTGGG 

MGF163 SALK_024167_RP AAATAGCAGAGATTGCCTCCC 

MGF164 SALK_114731_LP CTTGGCTTCAACACCAGTCTC 

MGF165 SALK_114731_RP CACACCACATCAGAATTGGTG 

MGF166 SALK_024983_LP TCACCTCCAATTCATTCCAAG 

MGF167 SALK_024983_RP AGGAGAAGCGGAGGTTGATAG 

MGF168 SALK_131837_LP TTTAAACCAATCGAGTGTGCC 

MGF169 SALK_131837_RP ACCTGGTAGAAATCAATGGGG 

MGF170 SAIL_580_C03_LP ACCATAGTCATCTGCCACCTG 

MGF171 SAIL_580_C03_RP TGCTGAGTCACTTTTGACACG 

MGF172 WiscDsLox319F06_LP CTTTCTTTCCCTTTTTGGGTG 

MGF173 WiscDsLox319F06_RP TGAGGATCCGTCGATATCTTG 

MGF174 SAIL_177_G12_LP CGCCACTGAAACTGAGAAAAG 

MGF175 SAIL_177_G12_RP TAGTGAGTTCCATAATGGCGG 

MGF176 SAIL_693_G04_LP ATCAGCAACGGACATTTCAAC 

MGF177 SAIL_693_G04_RP TAAATGGTTTAAGCGGTGTGC 

Genotyping of pER8-T3E lines  

LNL370 pER8-hrpW-Fw TTTGGTCTCAAGGTATGCTGACGTACTGCATGCAAC 

LNL371 pER8-hrpW-Rv TTTGGTCTCACATACACCATCGGGGCAGGGCCTCAC 

LNL448 pER8-xopAG-Fw TTTGGTCTCAAGGTGTGGCAGACAACTTCTTTCTTTC 

LNL449 pER8-xopAG-Rv TTTGGTCTCACATACCTTGAGGCAGGCAAGGTTGGTG 

LNL412 pER8-xopAM-Fw TTTGGTCTCAAGGTATGACCTTACCGGATTCGATC 

LNL413 pER8-xopAM-Rv TTTGGTCTCACATACCCGACGCGCCAGACACGCCTC 

LNL396 pER8-xopG-Fw TTTGGTCTCAAGGTGTGAACTGGAGCCCTGGTGTTG 

LNL397 pER8-xopG-Rv TTTGGTCTCACATACACCATTCTCCGCACGAATAC 

MGF32 pER8-xopJ6-Fw TTTGGTCTCAAGGTATGACAGACTGGACAAACTATCG 

MGF33 pER8-xopJ6-Rv TTTGGTCTCACATACCGGAGGAGCAAAGGCTCATTTTGC 

LNL408 pER8-xopP-Fw TTTGGTCTCAAGGTATGCATCGTGTCGAAATGATC 

LNL409 pER8-xopP-Rv TTTGGTCTCACATACCTTGGCCTTGCTAAGCGCTTTTC 

LNL410 pER8-xopQ-Fw TTTGGTCTCAAGGTATGGATTCCATCAGGCATCG 

LNL411 pER8-xopQ-Rv TTTGGTCTCACATACACTGAGCTCCCGCAGCACCGCTG 

MGF10 pER8-ripAX1-Fw AAGCGCTCGACATCATCAAC 

MGF11 pER8-ripAX1-Rv AGGTCATGCTGCTGTGACTC 

MGF12 pER8-ripAX2-Fw ATGCGGGCAAAGTAAACGAG 

MGF13 pER8-ripAX2-Rv TGATGCTGGTCTTGGGGTTC 
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MGF14 pER8-ripB-Fw GAAGGACCACGCCAAGTTCC 

MGF15 pER8-ripB-Rv GCGAAATCGGTCGTGTTGTTG 

MGF16 pER8-ripH1-Fw GCTTGGCTTGCTGAGTTCAC 

MGF17 pER8-ripH1-Rv AACTGCAGCCTCCATAGCTG 

MGF18 pER8-ripH2-Fw ACTGACGCAACAGAGGCTAC 

MGF19 pER8-ripH2-Rv CCACCACAGCAGCAGATGTC 

MGF20 pER8-ripH3-Fw GTCTGGACCAGCAGAGGAAG 

MGF21 pER8-ripH3-Rv CCCACTCTAGCAACCACTCC 

MGF22 pER8-ripO1-Fw ACACGATCGCCAACCATTTC 

MGF23 pER8-ripO1-Rv GGCACTGAACGTTGTTCGAC 

MGF28 pER8-ripR-Fw ATTCAACATCCCGAACTTCCG 

MGF29 pER8-ripR-Rv CAGATCTCGGTCAGGCGATAC 

MGF26 pER8-ripW-Fw ACGCCCAAAGTGGAGATCAC 

MGF27 pER8-ripW-Rv GACTTGGCTCTTGTCGGGAG 

qRT-PCR   

MGF43 OXA1-Fw TACCTGATCTGCCTCCACCT 

MGF44 OXA1-Rv AACAGGACTCAGCGATGTTG 

MGF47 GAPC2-Fw AGGTCAAGCATTTTCGATGC 

MGF48 GAPC2-Rv AACGATAAGGTCAACGACACG 

MGF40 xopAG-Fw TCAAGCGTGCGTGGTTGATGC 

MGF41 xopAG-Rv GCAGACTTCATGGAGATGGCG 

MGF51 ripO1-Fw TCGGTCAATCCCTTCAGGCTG 

MGF23 ripO1-Rv GGCACTGAACGTTGTTCGAC 

MGF231 ripH1-Fw GGCTGCTGGTCCATCTGTTC 

MGF232 ripH1-Rv CAACGATGTCACCACCAAGCTG 

MGF49 ripH2-Fw GTGCCCAGTTGACTCAGAGAC 

MGF19 ripH2-Rv CCACCACAGCAGCAGATGTC 

MGF50 ripH3-Fw GCTATGCAGACAGCTCATGG 

MGF21 ripH3-Rv CCCACTCTAGCAACCACTCC 

LNL370 hrpW-Fw GCTGACGTACTGCATGCAAC 

LNL371 hrpW-Rv ACCATCGGGGCAGGGCCTCAC 

LNL396 xopG-Fw TGAACTGGAGCCCTGGTGTTG 

LNL697 xopG-Rv ACCATTCTCCGCACGAATAC 

MGF38 xopP-Fw GTGTACGAACCATGGCGCAG 

MGF39 xopP-Rv GCTGAAGATGAGCGAGGTTGC 

MGF36 xopQ-Fw CCATGGCCTTCGACCAGATC 

MGF37 xopQ-Rv TCACCTGCTCCACAACGCTG 

16SL (EL) 16S-Fw TGACGGTACCCAAAGAATAAGCA 

16SR (EL) 16S-Rv ACGCTTGCACCCTTCGTATTA 

J6F (EL) xopJ6-Fw GTGGAGGAAAGACGAGACAGC 

J6R (EL) xopJ6-Rv CAGTGCGAGAGACATGGAAA 

Clonings   

MGF229 AttB1-BRG3  GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCCGTTGAAGCTCACC 

MGF230 AttB2-BRG3 (no stop codon)  GGGGACCACTTTGTACAAGAAAGCTGGGTCAGAGGAAAGATTAACATGTAGAC 

MGF3 Deletion of xopP - L fragment - 1F TTTGGTCTCAAGGTGTGCGCTGGCTGCATCGATCG 

MGF4 Deletion of xopP - L fragment - 2R TTTGGTCTCACATAAGGAAAGCTCCAGAAATTGCG 

MGF5 Deletion of xopP - R fragment - 2F TTTGGTCTCATATGTGTTCGCTGCGCTCTATTGAC 

MGF6 Deletion of xopP - R fragment - 3R TTTGGTCTCACTTGAAGCGAGTTAATCGACCGTCG 

MGF7 Deletion of xopP - internal F GTGGGATGCATTATCCGTCGACG 

LN334 Deletion of hrpW - R fragment - 1F TTTGGTCTCAAGGTAGCAAGTTCCGGAAGAAGAAG 

LN335 Deletion of hrpW - R fragment - 2R TTTGGTCTCACATAGCTCATGATCACCGCGGTCAG 

MGF8 Deletion of hrpW - R fragment - 2F TTTGGTCTCATATGCTGCACATCGCGTACTACGTC 

MGF9 Deletion of hrpW - R fragment - 3R TTTGGTCTCACTTGCATCGAACGCACGCTTCAG 

LN338 Deletion of hrpW - internal F CGCAGCCTTGCGTCTCCGCTGTG 

MGF32 xopJ6 (1-300) flanked by BsaI sites - Fw TTTGGTCTCAAGGTATGACAGACTGGACAAACTATCG 

MGF33 xopJ6 (1-300) flanked by BsaI sites - Rv TTTGGTCTCACATACCGGAGGAGCAAAGGCTCATTTTGC 

MGF214 563bp upstream xopAG + BamHI site CGGAGGATCCCTGCAGCACACACCTGGATCG 

MGF215 100bp downstream xopAG + HindIII site GCCTAAGCTTCCAGGAAAAGGTGCCTAAAGACG 
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The time between the writing of the present thesis and its defense was extraordinarily 

extended because of the strict confinement measures imposed due to the COVID19 pandemics. 

During this extension, two articles were written: a review about the functions of Ralstonia 

solanacearum T3Es and an opinion piece about the collective action of effectors.  Both articles 

are included in the present thesis as the following two annexes.  

ANNEX 1: The large, diverse, and robust arsenal of 
Ralstonia solanacearum type III effectors and their in 
planta functions 

This review compiles all the available functional information about RSSC T3Es. My 

contribution was the compilation of the data together with David Landry, with whom I share 

the first authorship, redaction of the article and proof after its acceptance. It was published as a 

microreview in Molecular Plant Pathology (submission date: 28/04/2020; acceptance date: 

22/06/2020). The review, as published (doi: 10.1111/mpp.12977), is attached.
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1  | INTRODUC TION

Bacteria from the Ralstonia solanacearum species complex (RSSC) 
are soilborne plant pathogens responsible for bacterial wilt on 
more than 250 species, moko and blood diseases of banana, brown 
rot of potato, and Sumatra disease on clove trees (Peeters et al., 
2013a). Due to its aggressiveness, broad host range, widespread 

geographical distribution, and long-lasting persistence on the soil, 
Ralstonia ranks among the most devastating plant pathogenic bacte-
ria (Mansfield et al., 2012). For a successful infection, RSSC bacteria 
rely on different virulence determinants, including the production 
of exopolysaccharides and phytohormones, secretion of cell wall- 
degrading enzymes, detoxification, and nutrient-scavenging systems 
and motility (Genin and Denny, 2012). However, the main virulence 
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Abstract
The type III secretion system with its delivered type III effectors (T3Es) is one of 
the main virulence determinants of Ralstonia solanacearum, a worldwide devastating 
plant pathogenic bacterium affecting many crop species. The pan-effectome of the 
R. solanacearum species complex has been exhaustively identified and is composed of 
more than 100 different T3Es. Among the reported strains, their content ranges from 
45 to 76 T3Es. This considerably large and varied effectome could be considered 
one of the factors contributing to the wide host range of R. solanacearum. In order to 
understand how R. solanacearum uses its T3Es to subvert the host cellular processes, 
many functional studies have been conducted over the last three decades. It has 
been shown that R. solanacearum effectors, as those from other plant pathogens, can 
suppress plant defence mechanisms, modulate the host metabolism, or avoid bac-
terial recognition through a wide variety of molecular mechanisms. R. solanacearum 
T3Es can also be perceived by the plant and trigger immune responses. To date, the 
molecular mechanisms employed by R. solanacearum T3Es to modulate these host 
processes have been described for a growing number of T3Es, although they remain 
unknown for the majority of them. In this microreview, we summarize and discuss 
the current knowledge on the characterized R. solanacearum species complex T3Es.
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determinant of RSSC bacteria is the type III secretion system (T3SS), 
a “molecular syringe” that allows the translocation of several type 
III effector proteins (T3Es) directly into the host cell (Coll and Valls, 
2013). These T3Es, referred to as Ralstonia injected proteins (Rips), 
are able to subvert the defences and modify the metabolism of the 
host to promote virulence.

2  | THE RSSC T YPE I I I  EFFEC TOME , A 
L ARGE AND VARIED ARSENAL

Since the first RSSC T3E genes were cloned in the 1990s (Carney and 
Denny, 1990; Arlat et al., 1994; Guéneron et al., 2000), different ap-
proaches have been conducted to systematically identify at the ge-
nome scale the full T3E repertoire of several RSSC strains. Two main 
strategies were undertaken: (a) sequence-based approaches, search-
ing for sequence homology with previously described effector genes 
and/or for the presence of certain 25-nucleotide cis elements in their 
promoters, the hrpII box or the plant-inducible promoter (PIP) box 
motifs (Salanoubat et al., 2002; Cunnac et al., 2004a; Gabriel et al., 
2006; Peeters et al., 2013b; Sabbagh et al., 2019), and (b) regulation-
based strategies, exploiting that T3E gene expression is controlled by 
HrpB, an AraC family member of transcriptional regulators (Genin 
et al., 1992; Cunnac et al., 2004a). Regulation-based strategies include 
gene expression studies (Cunnac et al., 2004b; Occhialini et al., 2005) 
and genetic screens using random transposon-insertion mutagenesis 
(Mukaihara et al., 2004). Verification of the T3SS-dependency of the 
secretion or translocation is typically required to confirm the bona 
fide T3E status of in silico predicted or candidate T3Es (Lonjon et al., 
2018). Most translocation analyses exploit the adenylate cyclase (Cya) 
reporter system (Cunnac et al., 2004b; Mukaihara and Tamura, 2009; 
Mukaihara et al., 2010). T3SS-dependent secretion analyses compare 
the secreted proteins, detected by immunoblotting or mass spectrom-
etry, of wild-type compared to hrp mutant strains (Tamura et al., 2005; 
Solé et al., 2012; Lonjon et al., 2016; Sabbagh et al., 2019).

A recent genomic study on 140 RSSC strains identified the 
pan-effectome of the species complex, consisting of 102 T3E and 
16 hypothetical T3E genes (Sabbagh et al., 2019). RSSC strains carry 
on average 64 T3E genes (minimum 45 in R.  syzygii subsp. syzygii 
strain R24 and maximum 76 in R. pseudosolanacearum strain Rs-10-
244). This contrasts with other plant pathogenic bacteria such as 
Pseudomonas syringae and Xanthomonas campestris, with an average 
of 31 (min. 3, max. 53) and 23 (min. 12, max. 28) T3E genes, respec-
tively (Roux et al., 2015; Dillon et al., 2019). The existence of several 
paralog families, such as the RipG (former GALA), RipS (SKWP), RipA 
(AWR), RipH (HLK), or RipP (PopP) families, can be considered as a re-
markable feature of the RSSC. Not a single known RSSC strain does 
not carry multiple copies of these paralog T3E families. This contrib-
utes to the large size of the RSSC pan-effectome. The T3E reper-
toires of different RSSC strains are quite diverse, with only 16 core 
T3Es (i.e., T3Es present in at least 95% of sequenced strains), which 
represents 13.6% of the RSSC pan-effectome (Sabbagh et al., 2019). 
This core-effectome is larger than in P. syringae (four core T3Es, 5.7% 

of its pan-effectome) or X. campestris (three core T3Es, 8.6% of its 
pan-effectome) (Roux et al., 2015; Dillon et al., 2019). Several stud-
ies have tried to connect the T3E diversity to the host specificity of 
RSSC strains (Ailloud et al., 2015; Cho et al., 2019; Sabbagh et al., 
2019). Although some host specificity determinants could be identi-
fied, the power of such studies has usually been largely limited by the 
lack of exhaustive strain host range empirical data.

3  | MANY T3ES,  BUT FOR WHAT 
PURPOSE?

As model root and vascular plant pathogens, RSSC bacteria are among 
the pathogens with a larger number of functionally characterized T3Es. 
Some effectome-scale experiments have tried to shed light on the func-
tion of RSSC T3Es through systematic determination of their ability to 
induce a hypersensitive response (HR; Wroblewski et al., 2009), inhibit 
plant defences (Nakano and Mukaihara, 2019a), or identify their plant 
targets (González-Fuente et al., 2020). However, most of our current 
knowledge on effector function comes from smaller-scale experiments 
in which often one or a few T3Es are studied. To date, we have counted 
more than 50 different RSSC T3Es that have been characterized with 
varying degrees of detail (Figure 1 and Table 1). One of the main fac-
tors complicating this task is the observed genetic redundancy among 
different RSSC T3Es (Angot et al., 2006; Solé et al., 2012; Chen et al., 
2014). This redundancy is likely to ensure a more robust virulence strat-
egy for the bacteria (Ghosh and O’Connor, 2017), although it makes the 
functional dissection of single effectors more complicated, particularly 
for the paralog families. Nevertheless, some members of these families 
can still have specific and nonredundant functions (Angot et al., 2006; 
Turner et al., 2009; Wang et al., 2016).

Similar to other pathogens, RSSC T3Es collectively contribute to 
the pathogen fitness in the plant through different and not always 
well-characterized mechanisms (Toruño et al., 2016). These include 
the interference with the plant basal defence responses, alteration 
of the plant metabolism, and avoidance of the specific recognition 
of other T3Es. However, some RSSC T3Es can also be recognized by 
specific plant genotypes and induce strong immune responses.

3.1 | Interference with plant basal immunity

The subversion of basal defences is one of the most studied func-
tions of pathogen effectors. Several RSSC T3Es are known to inter-
fere with different host cellular processes involved in these basal 
defence responses. RipP2 (former PopP2) relies on its acetyltrans-
ferase activity to acetylate the WRKY domain of the plant homony-
mous transcription factors, which prevents their association with 
DNA and subsequent expression of defence-related genes (Le Roux 
et al., 2015). RipAY is selectively activated by eukaryotic thioredox-
ins to degrade the host glutathione, which plays an important role in 
plant immunity (Fujiwara et al., 2016 , 2020; Mukaihara et al., 2016; 
Sang et al., 2018). RipAR and RipAW rely on their E3 ubiquitin ligase 
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activity to inhibit plant defence responses (Nakano et al., 2017). 
Also linked to ubiquitination, the RipG (former GALA) family of 
T3Es presents a eukaryotic F-box domain required for the interac-
tion with Arabidopsis components of the Skp, Cullin, F-box contain-
ing (SCF) complex contributing to Ralstonia virulence (Angot et al., 
2006; Remigi et al., 2011). RipAL is a chloroplastic effector with a 

lipase domain required for the induction of jasmonic acid (JA) pro-
duction and suppression of salicylic acid (SA) signalling (Nakano and 
Mukaihara, 2018). The inhibition of SA-mediated defences seems 
also to be the role of RipR (former PopS) and RipG1 and RipG3, al-
though the molecular mechanisms behind this inhibition still remain 
unknown (Jacobs et al., 2013; Medina-Puche et al., 2019). RipAB 

F I G U R E  1   Ralstonia solanacearum species complex (RSSC) bacteria deploy an arsenal of type III effectors (T3Es) to alter the plant 
metabolism and interfere with plant immune responses. During the infection process, conserved bacterial molecules are recognized by plant 
pattern recognition receptors (PRRs) at the surface of the host cell. They activate basal defence responses to prevent pathogen proliferation. 
However, RSSC bacteria translocate T3Es into the plant cell to subvert the plant defences and accommodate the bacterial needs. T3Es act 
on different host pathways. RipAY and RipN alter the glutathione level and NADH/NAD+ ratio, respectively. RipAY, RipR, RipAL, RipG1, and 
RipG3 target the hormone synthesis and signalling level. Different RipG family members, RipAR and RipAW, interfere with ubiquitination 
processes. The metabolism is also manipulated by RSSC T3Es. RipA5, RipTPS, and RipTAL are able to modulate certain metabolic pathways. 
RipTAL binds to the plant DNA, activating the expression of shorter and more efficiently translated transcripts of arginine decarboxylase 
(ADC) genes, key enzymes in the biosynthesis of polyamines. This boost in the polyamine level could prevent the proliferation of Ralstonia 
niche competitors. RipP2 relies on its acetyltransferase activity to acetylate defensive WRKY transcription factors, inhibiting their DNA-
binding activities and preventing subsequent expression of defence-related genes. The nuclear T3E RipAB inhibits the expression of Ca2+-
related defence genes. In addition to these functionally characterized RSSC T3Es, other effectors involved in dampening of basal defence 
through as yet unknown mechanisms have been identified: RipAR, RipAW, RipG family, RipAB, RipA5, RipAD, RipAF1, RipD, RipE1, RipI, 
RipQ, RipAC, RipAP, RipAU, RipH1, RipM, RipS1, RipAN, and RipB. RSSC T3Es can also be perceived in planta by intracellular immune-Nod-
like receptors (NLRs), leading to the activation of specific defence mechanisms, often associated with an HR. RipE1, RipAA, RipP1, RipX, 
RipP2, RipAT, RipAV, RipA1-A5, RipTPS, RipAX2, RipAB, RipB, RipBN, and RipI also induce HR on several hosts. Some T3Es can modulate the 
activity of others and prevent their recognition by the plant surveillance system. Indeed, peroxisome-localized RipAK suppresses effector-
triggered HR by inhibiting host catalase activities (CATs). RipAY and RipAC inhibit RipE1-mediated HR
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(former PopB) down-regulates the calcium signalling pathway and 
inhibits the plant basal defences (Zheng et al., 2019). Finally, RipN 
contains a Nudix hydrolase domain required to alter the NADH/
NAD+ ratio in planta and to inhibit the plant defence responses (Sun 
et al., 2019).

In addition to these functionally characterized RSSC T3Es, 
other basal defence inhibiting T3Es have been identified in large-
scale screenings. Sixteen additional RSSC T3Es have been reported 
as suppressors of the flg22-induced reactive oxygen species (ROS) 
production, a marker typically associated with pathogen-associated 
molecular pattern (PAMP)-triggered immunity (Sang and Macho, 
2017): RipA5 (former AWR5), RipAD, RipAF1, RipD, RipE1, RipI, 
RipQ, RipAC (former PopC), RipAL, RipAP, and RipAU; and to a lesser 
extent RipH1 (former HLK1), RipM, RipS1 (former SKWP1), RipAN, 
and RipB (Nakano and Mukaihara, 2019a; Jeon et al., 2020).

3.2 | Targeting plant metabolism

Plant pathogenic bacterial T3Es can also interfere with different host 
metabolic processes to promote the bacterial survival, release nutri-
ents, and facilitate the infection (Macho, 2016). RSSC bacteria thrive 
in the xylem, manipulating the composition of the xylem sap (Lowe-
Power et al., 2018). This manipulation can occur through different 
mechanisms, including the T3SS, as RSSC bacteria are able to inject 
T3Es into living cells surrounding the vasculature (Vasse et al., 2000; 
Henry et al., 2017). Indeed, some RSSC T3Es display different ac-
tivities that could modulate the plant metabolism. One of the better 
characterized examples is RipTAL (former Brg11), which presents ho-
mology with Xanthomonas spp. transcription activator-like (TAL) ef-
fectors (de Lange et al., 2013). RipTAL induces the expression of plant 
genes involved in the synthesis of polyamines, evading their native 
translational regulation mechanisms (Wu et al., 2019). It is hypoth-
esized that this RipTAL-induced boost of the plant polyamine levels 
prevents the proliferation of possible Ralstonia competitors (Wu et al., 
2019). RipA5 acts as an inhibitor of the conserved target of rapamycin 
(TOR) pathway in yeast and plant cells (Popa et al., 2016). As a key reg-
ulator of the switch between growth and stress responses (Dobrenel 
et al., 2016), RipA5-mediated inhibition of the plant TOR pathway 
leads to reduced nitrate reductase activity (Popa et al., 2016). Lastly, 
RipTPS possesses trehalose-6-phosphate synthase activity in yeast 
(Poueymiro et al., 2014). As trehalose-6-phosphate is a key regula-
tory molecule in plant metabolism (Baena-González and Lunn, 2020), 
RipTPS could potentially interfere with this regulation but so far this 
activity has not been shown in planta.

3.3 | Contribution to virulence through (as of yet) 
unknown mechanisms

In addition to the beforementioned RSSC T3Es for which functional 
roles could be assigned, other T3E genes have been also identified 
as contributors to bacterial virulence on different hosts. These 

additional T3E genes have been identified through pathogenicity 
or competitive index assays with single or multiple gene mutants. 
These tests allow us to pinpoint the involvement in virulence but 
do not provide further information about the underlying molecular 
mechanisms. This is the case for RipA2 and RipD, which contribute to 
virulence in tomato (Cunnac et al., 2004b), or RipAA and RipG7, im-
portant in the early and late stages of infection of the model legume 
species Medicago truncatula, respectively (Turner et al., 2009; Wang 
et al., 2016). RipAC, RipAF1, RipAK, RipAV, RipAY, RipD, RipP2, RipR, 
RipS4, RipY, and RipTAL contribute to bacterial fitness in eggplant 
(Macho et al., 2010). For RipD and RipP2, this contribution to fit-
ness was also demonstrated in tomato and bean, and in the case of 
RipAA, exclusively in tomato (Macho et al., 2010). The RipA family 
members contribute collectively to virulence in both eggplant and 
tomato (Solé et al., 2012), and the RipH family members also con-
tribute to virulence in tomato (Chen et al., 2014). RipAM, RipAN, and 
RipBH contribute significantly to virulence in potato (Zheng et al., 
2019), and RipAC acts similarly in tomato (Yu et al., 2020).

3.4 | Effectors triggering plant immune responses

Through evolution, plants have evolved mechanisms to recognize 
specific RSSC T3Es and induce a strong defence response often as-
sociated with a hypersensitive response (HR) (Balint-Kurti, 2019). 
This is precisely what was observed on petunia with RipX (former 
PopA), the first RSSC T3E to have been characterized (Arlat et al., 
1994). This same phenotype was later observed in tobacco (Belbahri 
et al., 2002; Racapé et al., 2005), and could be explained by a RipX-
mediated inhibition of the gene expression of the ATP synthase 
F1 subunit α (Sun et al., 2020). RipAA and RipP1 (former AvrA and 
PopP1, respectively) trigger strong HRs in diverse Nicotiana spp. 
(Carney and Denny, 1990; Robertson et al., 2004; Poueymiro et al., 
2009; Chen et al., 2018). Additionally, RipP1 also triggers anHR on 
petunia St40 line (Lavie et al., 2002), and RipAA, in pepper CW300 
and RNaKy accessions (Wroblewski et al., 2009). RipP2 was the 
first RSSC T3E for which the corresponding immune receptor was 
identified in Arabidopsis: Recognition of R.  solanacearum 1 (RRS1) 
(Deslandes et al., 1998, Deslandes et al., 2003). It was later shown 
that this recognition also involves the Resistance to Pseudomonas sy-
ringae 4 (RPS4) immune receptor (Gassmann et al., 1999; Narusaka 
et al., 2009; Williams et al., 2014). The RPS4/RRS1-dependent im-
munity is activated by RipP2 acetylation of RRS1 C-terminal WRKY 
domain representing an integrated decoy that mimics RipP2 viru-
lence targets (Tasset et al., 2010; Le Roux et al., 2015; Sarris et al., 
2015). RipAT and RipAV induce HR-like phenotypes when expressed 
in most lettuce and certain pepper and tomato cultivars (Wroblewski 
et al., 2009). RipA1, RipA2, RipA3, and RipA5 trigger HRs with var-
ying intensities on different Nicotiana spp. (Solé et al., 2012; Jeon 
et al., 2020). RipTPS produces an HR specifically on N.  tabacum 
independently of its enzymatic activity (Poueymiro et al., 2014). 
RipAX2 (former Rip36) elicits immunity on wild and cultivated egg-
plants in a Zn-finger domain-dependent (Nahar et al., 2014) and 
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independent (Morel et al., 2018) manner, respectively. RipAB trig-
gers an HR in N. benthamiana but only when localized in the nucleus 
(Zheng et al., 2019). RipB induces chlorosis in different Nicotiana 
spp. in a Recognition of XopQ1 (Roq1)-dependent manner (Nakano 
and Mukaihara, 2019b). RipBN triggers resistance in tomato in a 
Pseudomonas tomato race 1 (Ptr1)-dependent manner (Mazo-Molina 
et al., 2019). RipE1 triggers immune responses mediated by both SA 
and JA in N. benthamiana and Arabidopsis (Sang et al., 2020). RipE1 
also triggers an HR in N. tabacum and N. benthamiana in a Suppressor 
of G2 allele of skp1 (SGT1)-dependent manner for the latter (Jeon 
et al., 2020). Last, RipI triggers immune responses in tomato and cell 
death in yeast and N.  benthamiana, the latter through interaction 
with the plant basic helix-loop-helix 93 (bHLH93) transcription fac-
tor (Deng et al., 2016; Zhuo et al., 2020).

3.5 | Effectors preventing other effectors to be 
recognized in planta

The recognition of RSSC T3Es and subsequent strong immune re-
sponses can also be counteracted through the action of other T3Es, 
sometimes referred as “meta-effectors” (Kubori et al., 2010). This could 
allow the bacteria to conserve effectors with potent virulence func-
tions for which a given host has already developed specific recognition 
capabilities. This is the case for RipAY, which can inhibit the previously 
mentioned RipE1-triggered immunity (Sang et al., 2020). RipAY inhib-
its RipE1-mediated activation of the SA signalling pathway probably 
through degradation of the plant cellular glutathione (Mukaihara et al., 
2016; Sang et al., 2018 , 2020). It has also been proposed that RipAC 
suppresses RipE1-triggered immunity, inhibiting in this case SGT1-
mediated MAPK activation (Yu et al., 2020). RipAK is able to prevent 
Ralstonia-induced HR in N. tabacum by inhibiting plant catalase activity 
(Sun et al., 2017). Whether this HR is induced by RipAA, RipB, and/or 
RipP1, responsible for RSSC incompatibility in N. tabacum (Poueymiro 
et al., 2009; Nakano and Mukaihara, 2019b), is still unknown.

4  | CONCLUSIONS AND PERSPEC TIVES

In this microreview, we have summarized the current knowledge 
about RSSC T3Es. Despite being one of the largest and most stud-
ied bacterial plant pathogen effectomes, a majority of RSSC T3Es 
remain poorly characterized to date. This will undoubtedly change 
in the near future as more and more RSSC T3Es are currently being 
characterized by several research groups worldwide. Nevertheless, 
from what is currently known, we can already see that the large RSSC 
effectome is highly diversified in terms of molecular functions, sub-
cellular localizations, and host-targeted processes. RSSC T3Es act in 
the host plasma membrane, cytoplasm, nucleus, chloroplasts, or per-
oxisomes, and interfere with the plant gene expression regulation at 
the transcriptional and translational level, metabolism, ubiquitination, 
phytohormone production and signalling, redox homeostasis, and 
calcium signalling. This functional repertoire, coupled with genetic 

and functional redundancy, confers RSSC bacteria with a strong, var-
ied, and robust set of weaponry against their hosts. It is thus tempting 
to hypothesize that this T3E diversity contributes to the adaptability 
of Ralstonia as a species complex to a wide range of plant hosts. It 
should also be noted that this large cornucopia of T3Es could be a key 
factor in the appearance of RSSC strains adapted to new host plants, 
like the recently identified strains virulent on cucurbitaceous crops 
(Wicker et al., 2007), coffee plant (Lopes et al., 2015), fig tree (Jiang 
et al., 2016), African daisy (Weibel et al., 2016), and roses (Tjou-Tam-
Sin et al., 2017). Future work will help to elucidate whether the so far 
uncharacterized T3Es target similar processes to those previously de-
scribed or if, on the contrary, they interfere with completely different 
plant processes. This is key to understanding whether the strength 
of RSSC effectomes comes from its high diversity (i.e., RSSC bacte-
ria target simultaneously many different plant processes) or from its 
redundancy (i.e., RSSC bacteria target a few key plant processes with 
redundant T3Es). The characterization of new T3Es will also allow 
the plant processes that RSSC bacteria specifically target to be de-
termined to establish a successful infection. Interestingly, 9 out the 
16 RSSC core T3Es have been shown to contribute to virulence in 
different hosts: RipA2, RipAB, RipAM, RipAN, RipAY, RipG5, RipG6, 
RipH2, and RipR. From these nine T3Es, functional information is 
only available for five of them: RipG5 and RipG6 interact with com-
ponents of the E3 ubiquitin ligase complex (Angot et al., 2006; Remigi 
et al., 2011), RipR inhibits SA-mediated defence responses (Jacobs 
et al., 2013), RipAY degrades plant glutathione (Fujiwara et al., 2016 
, 2020; Mukaihara et al., 2016; Sang et al., 2018), and RipAB down-
regulates the calcium signalling pathway (Zheng et al., 2019). These 
different processes, together with the unknown ones targeted by the 
other core T3Es, could represent the minimum plant processes that 
Ralstonia needs to modulate. This “basal arsenal” could be comple-
mented with accessory T3Es that could have additive effects, target-
ing the same or different processes. However, this characterization 
might prove quite complex as these plant processes, and their modu-
lation by Ralstonia T3Es, might vary substantially among different or-
gans and host species. The diverse, and sometimes large, host range 
of RSSC strains and the functional diversity and redundancy of its 
effectome are therefore some of the causes of RSSC adaptability and 
aggressiveness, but also some of the major factors complicating its 
systematic and exhaustive study. A valuable tool that will open a wide 
variety of possibilities in the decipherment of RSSC T3E functions is 
the generation of a strain devoid of all its effectors, as has been per-
formed on the P. syringae strain DC3000 (Cunnac et al., 2011). This 
should be completed soon on the RSSC strain OE1-1 (K. Onishi, Kochi 
University, Japan, personal communication). The fact that RSSC bac-
teria can infect both model and agronomically important crop species 
confers a practical perspective to this information gathered over the 
last decades. This should certainly contribute to the design of effec-
tive and sustainable control measures against the devastating RSSC.
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ANNEX 2: From effectors to effectomes: Are functional 
studies of individual effectors enough to decipher plant 
pathogen infectious strategies? 

This opinion piece discusses the advances, challenges and limitations in the collective 

study of effectomes rather than effectors with a focus on the generation of polymutants and 

synthetic biology as promising strategies.  It was submitted to PLOS Pathogens (submission 

date: 20/07/2020). The submitted draft is attached.  
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Effector proteins of plant pathogens are key virulence determinants secreted and often 11 

translocated inside plant cells where they subvert host immunity and physiology to the pathogen’s 12 

benefit [1]. 13 

 14 

Achievements and limits of current effectors studies in plant pathogens 15 

A pathogen’s effectome is the repertoire of all its effector proteins (Fig. 1A). To date, most 16 

effector proteins are studied individually, omitting the broader context in which they function as the 17 

effectome. Size and composition of effectomes vary greatly between pathogens, including at the 18 

intraspecific level, ranging from as little as four in Erwinia amylovora to hundreds of effector proteins 19 

per isolate in some fungi, nematodes and oomycetes [Fig. 2A, 2, 3-11]. These differences influence 20 

pathogen’s virulence, lifestyle and host range [12-14]. Known effector functions are the result of a 21 

combination of experimental approaches, often low-throughput and based on in vitro or heterologous 22 

systems [Fig. 1B, Fig. 2C-D, 15]. Some effectome-scale screens have been conducted but these are 23 

still a compilation of individual effectors studies and thus present the same limitations as smaller-24 

scale studies [16-20].  25 

 26 

Evidences for effector-effector interferences within effectomes 27 

Studies of individual effector proteins intrinsically overlook their coordinated functions due 28 

to functional redundancy [21, 22], expression patterns dependent on infection stages or plant organ 29 

[23-25] and epistatic interactions within effectomes [26-29]. Therefore, effectome functions are 30 

usually not the sum of the individual effector functions (Fig. 1C) and dedicated experimental 31 

approaches would be needed to determine how effectomes function as a whole. Prerequisites are the 32 

knowledge of the effectome composition, an experimentally-manageable effectome size and a 33 
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genetically amenable pathogen. Consequently, functional characterization of effectomes is most 34 

advanced in bacteria [22, 26, 30, 31] and developing at an ever increasing pace in fungi or nematodes 35 

thanks to powerful genome editing tools [32, 33] and/or effector gene clustering [34]. 36 

 37 

Effectome functions depend on the plant target repertoire 38 

To achieve the functional characterization of effectomes we must take into account that 39 

effectors functions are host-dependent as they acquire their “functional sense” only in association 40 

with their plant cognate interactors (Fig. 2B). Effectors tend to target multiple highly connected host 41 

proteins [16, 20, 35, 36] but may also specifically interact with nucleic acids [37, 38] or metabolites 42 

from the pathogen or the host [39]. Therefore, the function of a full effectome largely depends on the 43 

host target repertoire, or “targetome”, as well as on the interactions among its components (Fig. 1C) 44 

as proposed [40]. Effector-mediated virulence is thus an emergent property resulting from interactions 45 

between a pathogen effectome and a susceptible host targetome [41]. Effectome and targetome 46 

diversity should therefore be carefully considered since it should unravel the complexity and the 47 

diversity of the molecular mechanisms underlying pathogen virulence and plant susceptibility. 48 

 49 

Many lessons still to be learned from deconstructing effectomes 50 

Effector poly-mutants are interesting resources to unveil functions of effector families [17, 51 

42-45] and effectomes [22, 26, 30]. Effector genes have to be deleted individually and sequentially. 52 

To date, the Pseudomonas syringae polymutant DC3000Δ36E is the only known mutant for a 53 

complex effectome in a plant pathogen [26]. In P. syringae, such effectome mutant has allowed 54 

significant discoveries not only in our understanding of the role of individual effectors but most 55 

importantly in the identification of functionally redundant effectors [22] and the definition of minimal 56 

effectome functions required to become a plant pathogen [26, 30, 31]. To reach its full potential, we 57 

believe that future mutagenesis should aim at partial random deconstruction of effectomes using 58 

highly efficient tools such as CRISPR-cas9 coupled to sensitive high-throughput pathogenicity assays 59 

on automated phenotyping infrastructures. 60 

 61 

Synthetic effectomes to understand how effectomes really function 62 

Effectome mutants open the possibility to reconstruct synthetic effectomes and test for their 63 

function. The choice of the receiver strain and the composition and size of the minimal effectomes to 64 

be tested in infection tests have to be carefully considered (Fig. 2E). While environmental effectorless 65 

strains often require the introduction of a functional effector secretion-translocation machinery [46, 66 
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47], effectome mutants might still express and translocate yet unidentified effectors that could 67 

interfere with the characterization of synthetic effectomes [26, 30]. Because of functional redundancy 68 

between effectors, functional synthetic effectomes can include only a portion of an original effectome 69 

[e.g., 30]. Effectors originating from other strains, species, genera or even kingdoms could also be 70 

studied by such approaches as long as effector secretion-translocation happens [e.g., 48, 49, 50]. 71 

Though sometimes random [30], effector combinations have, up to now, been mostly based on gene 72 

families [45], gene clusters [30] or functional categories [22]. Yet, the combination of synthetic 73 

biology, next generation sequencing technologies and high throughput phenotyping methods now 74 

opens the avenue for the generation of large random effector libraries to be tested in minimal strains 75 

and their functional characterization on host or nonhost plants (Fig. 2F).  76 

We believe that such holistic genetic approaches applied to effectomes should greatly advance 77 

our understanding of two basic questions: how do pathogens evolve and adapt to new hosts? 78 

 79 

Figure legends 80 

Figure 1: Functions achieved by an effectome are more than the sole addition of the individual 81 

effector functions. (A) The effectome is the sum of the n individual effectors from a single pathogen 82 

strain. (B) Examples of functional studies which can be conducted for each of the n effector proteins 83 

of a given effectome. PTI, PAMP-triggered immunity; ETI, effector-triggered immunity; Y2H, yeast 84 

two-hybrid; co-IPs, co-immunoprecipitations; FRET, Foster resonance energy transfer. (C) Due to 85 

functional redundancies and epistatic interactions, the effectome function is different from the sum 86 

of individual effector functions. Importantly, effector and effectome functions will depend on the 87 

composition and diversity of effector targets present in the plant species and accession considered. 88 

 89 

Figure 2: Diversity of both the microbial effectome and the plant target repertoire impacts the 90 

function of the effectome. (A) Effectomes are diverse at the intra- and inter-specific levels. (B) 91 

Individual effector can have one or multiple plant targets with either positive (arrowheads) or negative 92 

(blunt arrows) impacts. Hubs are plant proteins or functions which are targeted by multiple effectors. 93 

Some effectors might directly or indirectly affect the function of other effectors. To date, plant 94 

functions targeted by effectors are immunity, physiology and metabolism. Distinct plant targets are 95 

affected depending on the pathogen effectome. Target diversity implies that different plant accessions 96 

will respond differently to distinct effectomes. (C-E) Schematic representation of possible genetic 97 

manipulations of effectomes. The effectome of wild-type (WT) strain B (C) can be genetically 98 

manipulated by deleting individual (D) or multiple effector genes yielding an effectome mutant (E). 99 

Effectorless strains found in the environment can also be used and complemented with the appropriate 100 
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effector secretion-translocation machinery if missing. Examples of random or informed libraries 101 

corresponding to an effector combinatorial originating from strain B or any other strain could be 102 

reintroduced in an effectorless strain (E) and tested for functional complementations on host or 103 

nonhost plants of multiple cultivars (F). Each symbol represents a distinct effector produced by the 104 

pathogen. Members of a given effector protein family are represented with the same shape but 105 

different colours. 106 
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