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RESUMEN 

Las bacterias habitan diversos ecosistemas. Para sobrevivir y adaptarse al entorno, han 

desarrollado mecanismos de percepción que les permite monitorizar las condiciones externas 

e internas. Los sistemas de transducción son los encargados de unir la percepción con una 

respuesta adecuada. 

La quimiotaxis es un sistema de quimiopercepción complejo que consiste en la percepción de 

gradientes, lo cual desencadena una transducción de señales que deriva en el control del 

flagelo y movimiento bacteriano. Los quimiorreceptores son las proteínas implicadas en la 

percepción de señales, las cuales son diversas: aminoácidos, poliaminas, ácidos orgánicos, 

osmolaridad, temperatura y pH, entre otras. 

Las bacterias fitopatógenas entran en los tejidos de la planta a través de aperturas naturales, 

como estomas, o heridas. La quimiotaxis permite la detección de los sitios de entrada en estas 

bacterias, jugando un papel fundamental en las primeras etapas de la infección. La 

información respecto a los sistemas de quimiopercepción de las bacterias fitopatógenas, el 

perfil de ligando de sus quimiorreceptores y su papel en virulencia es escasa. 

En esta tesis se ha estudiado el papel de la quimiotaxis en la virulencia de dos bacterias 

modelo, Pseudomonas syringae pv. tomato DC3000 (PsPto) y Dickeya dadantii 3937 

(Dd3937). PsPto es el agente responsable de la peca bacteriana del tomate y Dd3937 de la 

podredumbre blanda en patata y otros cultivos. Las enfermedades causadas por estas 

bacterias tienen un profundo impacto económico. Estas bacterias pueden sobrevivir como 

epífitas sobre las superficies de la planta y cuando las condiciones son favorables perciben 

señales de la planta que facilitan su entrada, iniciándose el proceso de infección. 

Para profundizar en el conocimiento sobre los sistemas de quimiopercepción de estas 

bacterias, cada cluster de genes de quimiotaxis ha sido asignado a un sistema específico. Del 

mismo modo, atendiendo a los datos disponibles y a su estructura, se ha propuesto la 

asignación de los quimiorreceptores a vías de quimiopercepción concretas.  

El quimiorreceptor PsPto-PscA de PsPto fue caracterizado en base a su similitud de secuencia 

con el quimiorreceptor PscA de P. syringae pv. actinidae, el cual se une a D/L-Aspártico y L-

Glutámico. Estos L-aminoácidos son los más abundantes en el apoplasto de tomate. Como 

se preveía, PsPto-PscA se une a los tres ligandos de PscA. La percepción de estos ligandos 

juega un papel en el swarming bacteriano, formación de biofilm y la regulación de los niveles 

del segundo mensajero c-di-GMP. La cepa mutada en este quimiorreceptor presenta una 

menor virulencia en tomate. Además, la saturación de este quimiorreceptor con D-Asp redujo 

la virulencia bacteriana en tres órdenes de magnitud, pudiendo ser un candidato para el diseño 

de estrategias de protección de cultivos. 

El quimiorreceptor ABF-20167 de Dd3937 fue caracterizado por su posible papel en la 

percepción de la hormona vegetal ácido jasmónico (JA por sus siglas en inglés). Esta hormona 

es producida por la planta en respuesta a heridas, desencadenando una repuesta de defensa. 

Los ensayos de quimiotaxis realizados muestran que ABF-20167 está implicado en la 

quimioatracción hacia JA y coronatina, una toxina bacteriana con una estructura similar a JA 

que se une a los mismos receptores en la planta. Los ensayos de entrada en plantas silvestres 

muestran que la cepa mutante en este quimiorreceptor presenta una menor entrada. Sin 
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embargo, la entrada es similar a la de la cepa silvestre en líneas transgénicas de estas plantas 

que producen menos JA en respuesta a heridas. Los ensayos de unión a ligando descartan 

un reconocimiento directo de JA y coronatina por parte del quimiorreceptor y los análisis de 

expresión génica muestran que la presencia de JA regula la expresión de genes implicados 

en quimiotaxis, resistencia a estrés y virulencia.  

En resumen, este trabajo ha contribuido a incrementar la información sobre los sistemas de 

quimiopercepción de estas dos bacterias y al estudio del mecanismo de percepción de 2 

quimioreceptores, cuya función está relacionada con el control de la virulencia. 
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SUMMARY 

Bacteria are ubiquitous, inhabiting a wide variety of ecosystems. In order to survive and adapt 

to the environment, they have evolved perception mechanisms to monitor external and internal 

conditions. Signal transduction systems link bacterial perception to a proper bacterial 

response.  

Chemotaxis is a complex chemosensory system that consist on the perception of signal 

gradients, which triggers a signal transduction that derives in the control of the flagellar motor 

and bacterial movement. Chemoreceptors are the proteins involved in signal perception. 

Signals perceived are diverse, including amino acids, polyamines, organic acids, changes in 

osmolarity, temperature and pH, among others. 

Phytopathogenic bacteria enter the plant tissues through natural openings, like stomata, and 

wounds. Chemotaxis enables the detection of entry sites in these bacteria, playing a key role 

in the early stages of infection. Information regarding the chemosensory systems of 

phytopathogenic bacteria is scarce, as well as the ligand profile of their chemoreceptors and 

the role of the signals perceived in bacterial virulence.  

In this thesis, we have studied the role of chemotaxis in virulence of two model bacteria, 

Pseudomonas syringae pv. tomato DC3000 (PsPto) and Dickeya dadantii 3937 (Dd3937). 

PsPto is the causal agent of bacterial speck in tomato and Dd3937 the causal agent of soft rot 

in potato and other crops. The diseases caused by these two bacteria produce an important 

economic impact. These bacteria can survive as epiphytes on the plant surfaces and when 

conditions are favorable, perception of signals derived from the plant enables their entry into 

the plant, starting the infection process.  

To gain insight into the chemosensory systems of these bacteria, each chemotaxis gene 

cluster has been assigned to a specific system. Considering available data, the assignment of 

chemoreceptors to specific chemosensory systems has been proposed.  

Chemoreceptor PsPto-PscA of PsPto was characterized based on sequence similarity with 

chemoreceptor PscA of P. syringae pv. actinidae, which binds D/L-Aspartic and L-Glutamic. 

These L-amino acids are the most abundant amino acids in tomato apoplast. As expected, 

PsPto-PscA binds these three ligands. Interestingly, this perception also influences bacterial 

swarming, biofilm formation and is involved in the regulation of the levels of the second 

messenger c-di-GMP. Mutant strain of this receptor presents an impaired virulence to tomato. 

In addition, when this chemoreceptor was saturated with D-Asp, bacterial virulence was 

reduced in three orders of magnitude, suggesting D-Asp could be used as part of an 

interference strategy to protect crops. 

Chemoreceptor ABF-20167 of Dd3937 was characterized based on previous data that showed 

a possible role in the perception of the plant hormone jasmonic acid (JA). This hormone is 

produced by the plant in response to wounds, triggering a defensive response. Chemotaxis 

assays show ABF-20167 is involved in the chemoattraction towards JA and coronatine, a 

bacterial toxin with a similar structure to JA that binds to the plant receptor of JA. Entry assays 

in hosts of Dd3937 show a reduced entry of the mutant strain. However, this differential entry 

between strains was abolished in transgenic lines of these plants that present a diminished 

production of JA in response to wounds. Ligand binding assays performed discard a direct 
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recognition of JA by the chemoreceptor and the analysis of gene expression shows this 

phytohormone regulates the expression of genes involved in chemotaxis, stressful conditions 

response and virulence. 

Overall, this research work has contributed to increase the knowledge regarding the 

chemosensory systems of these two bacteria and to the analysis of the perception mechanism 

of 2 chemoreceptors involved in virulence control in PsPto and Dd3937. 
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Bacteria are widely distributed around the world. It has been estimated that 1.2 x 1030 bacteria 

inhabit five habitats, which have been designed “the big five”: deep continental subsurface, 

soil, upper oceanic sediment, deep oceanic subsurface and oceans (Flemming and Wuertz, 

2019). The number of bacteria that inhabit other habitats, e.g. humans, phyllosphere, animals, 

groundwater; is minor in several orders of magnitude (Flemming and Wuertz, 2019). 

To survive in such a wide range of environments and adapt to changing conditions, bacteria 

have developed mechanisms to sense external and internal cues. According to the cues 

perceived, bacteria respond in a proper manner, which can involve changes in metabolism, 

differentiation into resistant phases, flagellar motility and production of virulence factors in 

pathogenic bacteria (Alexandre et al., 2004; Porter et al., 2011; Galperin, 2018; Alvarado et 

al., 2019).  

Signal transduction systems are the link between perception and response. Different signal 

transduction systems have been described, each involving a different type of sensory protein 

(Galperin, 2018). Parameters sensed by these systems include nutrient availability, the redox 

state of the cell, osmotic stress, temperature, pH and cellular integrity, among others (Galperin, 

2018). The most abundant signal transduction systems in bacteria are the one-component 

system, the two-component system, and the chemotaxis system (Wuichet et al., 2007).  

 

1. Signal transduction systems 

1.1. One-component system 

One-component systems (OCS) are the simplest signal transduction systems. It’s formed by a 

protein with an input and an output domain, also called sensory and regulatory domain (Ulrich 

et al., 2005), respectively. Almost 97% of these proteins are cytoplasmic and therefore this 

system is usually involved in the perception of internal signals and external signals imported 

to the cell.  

The most common role of the OCS is the regulation of gene expression. Regulatory domains 

with a DNA-binding associated function represent 84% of total. The remaining 16% are 

proteins that present domains involved in protein phosphorylation and regulation of second 

messengers (Ulrich et al., 2005).  

One classical example is the perception of the second messenger cAMP by the receptor CRP 

(cAMP Receptor Protein) in Escherichia coli (E. coli): binding of cAMP to CRP promotes CRP 

binding to DNA, regulating gene expression (Kolb et al., 1993). Other example is CueR, a 

transcriptional factor that induces the expression of copper efflux pumps genes in response to 

cytosolic copper in the cytosol, where its concentration is highly controlled (Changela et al., 

2003). In the plant pathogen Dickeya dadantii 3937 (Dd3937), the transcription factor Fur binds 

iron and represses the expression of genes involved in iron transport and virulence. When iron 

concentration drops, Fur is released from the DNA, inducing the expression of these genes 

(Franza et al., 2002). 

 

 



General Introduction 
 

 4   
 

1.2. Two-component system 

Two-component systems (TCS) consist of two proteins: a sensor, called histidine kinase (HK), 

and a response regulator (RR). In the canonical TCS, the activation of the HK’s sensory 

domain by an environmental signal leads to autophosphorylation of a conserved histidine 

residue. This phosphoryl group is then transferred through the HK’s transferring domain to the 

cytosolic RR, triggering the corresponding cellular response (Laub and Goulian, 2007). Like 

OCS, some TCSs regulate transcription by interacting with DNA regions but in a lower 

proportion than OCSs, since RR can also present enzymatic activity, thus producing different 

outputs (Krell et al., 2010). Approximately 83% of TCS’ HKs present a transmembrane region 

(Cock and Whitworth, 2007), which confers the TCS the advantage of sensing extracellular 

stimuli besides from intracellular, expanding the level of information the bacteria receive from 

the outside world.  

TCSs are not only involved in the perception of physicochemical conditions but have also been 

described to allow bacteria to recognize quorum sensing signals (Clarke et al., 2006; Neiditch 

et al., 2006) from itself, from different species (Straight and Kolter, 2009) and even from 

different kingdoms (Venturi and Fuqua, 2013; Kan et al., 2017; Wang and Qian, 2019). 

A typical example of TCS is the PhoQ/PhoP TCS of Salmonella typhimurium. PhoQ is activated 

upon antimicrobial peptides binding (Bader et al., 2005), low extracytoplasmic Mg2+ sensing 

(Garcia Vescovi et al., 1996) or by acidic pH (Prost et al., 2007), which activates its cytoplasmic 

kinase domain, phosphorylating PhoP (Bader et al., 2005). Phosphorylated PhoP binds to the 

promoter region of genes involved in virulence and homeostasis, inducing their expression 

(Zwir et al., 2012). In the plant pathogen Dickeya dadantii 3937, PhoQ is involved in apoplast 

Mg2+ sensing. This perception produces PhoP phosphorylation, which induces the expression 

of genes involved in stress tolerance, allowing the bacteria to adapt to the plant environment 

(Llama-Palacios et al., 2005). In the plant pathogen Pseudomonas syringae pv. tomato 

DC3000 (PsPto), the HK CvsS binds Ca2+ in the plant apoplast, phosphorylating the RR CvsR, 

which triggers the expression of genes of the hrpRS operon, involved in virulence (Fishman et 

al., 2018).   

 

1.3. Chemotaxis system 

Chemotaxis is a complex TCS observed in some organisms that enables bacteria to move in 

response to chemical gradients (Adler, 1966). Motility confers the bacteria the ability to rapidly 

adapt to changes in the environment and actively search for nutrient sources (Alexandre et al., 

2004). Bacteria increase the expression of chemotaxis and motility genes in the absence of 

nutrient sources and low growth rates, showing that the benefit derived from an active search 

of nutrient sources overcomes the energetic cost of chemotaxis (Ni et al., 2020). 

Complexity derives from its sensitivity and precise adaptation (Sourjik and Berg, 2002a; Mello 

and Tu, 2007), number of proteins involved (some of them unique when compared to other 

systems) (Wuichet and Zhulin, 2010), and involvement in a number of cellular functions other 

from motility (Szurmant and Ordal, 2004; Wadhams and Armitage, 2004), such as biofilm 

formation (Hickman et al., 2005; Huang et al., 2019a), regulation of second messengers levels 
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(Hickman et al., 2005; Fulcher et al., 2010), cell-cell interactions (Bible et al., 2008; Laganenka 

et al., 2016), development (Kirby and Zusman, 2003; Berleman and Bauer, 2005a; Darnell et 

al., 2014) and pathogenesis (Matilla and Krell, 2018). These topics will be broadly explained 

in the following pages. 

 

2. Chemotaxis 
 
Chemotaxis allows bacteria to move with a stablished direction in response to chemical 

gradients. The perception of a gradient by a chemoreceptor (also known as methyl-accepting 

chemotaxis protein, MCP) produces a signalling cascade that derives in the control of flagellar 

motor and ultimately a change in the direction of movement (Figure 1).  

The perception of a gradient and not an individual molecule makes chemotaxis a complex 

process. To this end, a quick accurate measurement and a chemical memory are necessary. 

The first one is achieved through the sensitivity to ligands (Sourjik and Berg, 2002a; Mello and 

Tu, 2007) and the ability to amplify the signal (Duke and Bray, 1999; Sourjik and Berg, 2002a). 

The latter one is achieved through a process called adaptation (Alon et al., 1999; Hansen et 

al., 2008).  

 

 

Figure 1. Escherichia coli response to gradients. In the absence of chemical gradient (left) the 

bacteria present random displacements, attractant perception directs the movement towards the source 

(right). Adapted from Bi and Sourjik (2018). 

 

2.1 Signal transduction in chemotaxis 

Signalling unit 

In this system, signal is perceived by the complex formed by the chemoreceptor, the scaffold 

protein CheW and the histidine kinase CheA. Approximately 84% of chemoreceptors are 

transmembrane, the rest are cytoplasmic (Collins et al., 2014). These receptors form trimer of 

homo- or heterodimers (Kim et al., 1999) interacting through their highly conserved 

cytoplasmic hairpin tips (Studdert and Parkinson, 2004). This trimer of dimers interacts with 

the receptor-associated histidine protein kinase CheA (Li et al., 2011) through the scaffold 

protein CheW, forming the minimal signalling unit (Briegel et al., 2009; Li and Hazelbauer, 

2011) (Figure 2). 
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Histidine kinase CheA 
 
In the absence of ligands, MCPs activate CheA autophosphorylation, which transfers the 

phosphoryl group to the response regulators CheY and CheB, the former being involved in the 

control of the flagellar motor and the latter in adaptation (Paulick and Sourjik, 2018) (Figure 2). 

CheA contains five domains, each with a specific function: P1 domain contains the 

phosphorylation site, P2 is responsible for CheB and CheY binding, P3 is involved in 

dimerization with other CheA monomer, P4 binds ATP and interacts with the P1 domain of 

another unit promoting P1 phosphorylation and P5 binds CheW (Piñas and Parkinson, 2019; 

Cassidy et al., 2020; Muok et al., 2020). 

 

Response regulator CheY 

Phosphorylated CheY (CheY-P) interacts with one of the 34 potential CheY-P binding sites of 

the flagellar motor, inducing a change in flagellar rotation from counterclockwise (CCW) to 

clockwise (CW). CCW flagellar rotation produces movement in a straight line (“runs”), while 

CW rotation disrupts the “runs” by randomly changing the direction causing tumbling and 

reorientation (Dyer et al., 2009) (Figure 1). CheZ is a phosphatase that dephosphorylates 

CheY, returning the flagellar rotation to CCW, producing runs. In the absence of ligand, CheY 

phosphorylation/dephosphorylation rates are steady, and bacteria constantly change its 

movement course with no specific direction (Huang et al., 2019b) (Figure 2). 

Response regulator CheB 

Phosphorylation of CheB (CheB-P) activates its methylesterase activity, removing methyl 

groups from MCPs.  MCPs are constantly being methylated in specific glutamyl residues by 

the methyltransferase CheR, so in the absence of ligand there is a balance in the levels of 

methylation towards an intermediate state. High levels of methylation derive in a high level of 

CheA-stimulating activity and a reduced affinity to the ligand (Kehry et al., 1983; Li and 

Hazelbauer, 2020) (Figure 2). 

Ligand perception 

Ligand binding produces a conformational change in the MCP that sends a signal to CheA. If 

the MCP binds an attractant, CheA’s activity is inhibited; if it binds a repellent, CheA’s activity 

is enhanced (Borkovich and Simon, 1990; Parkinson et al., 2015; Bi and Sourjik, 2018).  

CheA’s inactivation derived from the binding of an attractant reduces phosphorylation of CheY, 

which combined with the action of CheZ results in a reduction of CheY-P levels. This drop in 

the levels of CheY-P will make the flagellar motor to continue its CCW rotation, thus 

maintaining longer runs and reducing the tumblings, causing bacteria to move with a specific 

direction (Borkovich et al., 1989; Sampedro et al., 2015) (Figure 2). 

In the case of CheB, inactivation of CheA reduces the levels of CheB-P, which combined with 

CheR’s constant activity increases MCP’s methylation, thus increasing the stimulation of CheA 

activity by the MCP, reducing its affinity (Kehry and Dahlquist, 1982; Parkinson et al., 2015) 

(Figure 2). 



General Introduction 
 

 7   
 

 

Figure 2. Chemotaxis signal transduction of Escherichia coli. Signal transduction in the presence 

(left) and absence (right) of ligand. The active forms of proteins present full colours while the inactive 

forms are coloured only in the borders. Changes upon ligand binding include inactivation of 

phosphorylation activity of CheA, reduced phosphorylation of CheB and CheY, increased methylation 

of the receptor (white dots) and counterclockwise (CCW) flagellar rotation (Manson, 2018).    

 

Auxiliary chemotaxis proteins 

Historically, E. coli has been the model to study chemotaxis (Adler, 1966; Adler, 1975), but as 

chemotaxis was characterized in different bacteria, like Thermotoga maritima and Bacillus 

subtilis, new proteins involved in chemotaxis were discovered (Park et al., 2004; Rao et al., 

2008). Analysis of bacterial genomes shows the presence of the following chemotaxis-related 

proteins in almost 60% of the genomes studied: CheC, CheX, CheD and CheV. CheC and 

CheX are CheY phosphatases and CheD is a deamidase (Kristich and Ordal, 2002; Park et 

al., 2004; Szurmant et al., 2004). These proteins play an auxiliary role in chemotaxis (Wuichet 

and Zhulin, 2010) and were only present in species with chemotaxis core-components, 

suggesting an exclusive role in chemotaxis (Wuichet and Zhulin, 2010). 
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When levels of CheY-P are low, CheD binds chemoreceptors stimulating CheA activity; when 

CheY-P levels are high, CheD stimulates CheC, reducing the levels of CheY-P and CheA 

activity (Kristich and Ordal, 2002; Chao et al., 2006).  

CheV presents a CheW-like domain that can modulate CheA activity and a CheY-homologous 

receiver domain that can be phosphorylated (Alexander et al., 2010). Even though CheW is 

present in more bacteria and archaeas than CheV (Wuichet and Zhulin, 2010), some 

Firmicutes only present CheV (Wuichet et al., 2007) and in some bacteria it has been observed 

that CheV can functionally replace CheW (Alexander et al., 2010). 

 

2.2 Genomic analysis of chemosensory genes 

Analysis of over 450 bacterial genomes showed almost half of them presented chemosensory 

genes. More than 95% of genomes with chemosensory genes presented MCPs, CheA and 

CheW, and in almost 90% CheB and CheR were present (Wuichet and Zhulin, 2010). This 

study determined 19 chemosensory systems: 17 are involved in flagellar motility, one in Type 

IV pilus-based motility (Tfp) and one in alternative cellular functions (ACF) not related to 

motility; these last two systems have been observed to be involved in the control of the levels 

of the second messengers cyclic di-GMP (c-di-GMP) and cAMP (Whitchurch et al., 2004; 

Hickman et al., 2005; Fulcher et al., 2010; Huang et al., 2019a). Classification of chemosensory 

systems was made according to a series of phylogenomic markers: gene order of chemotaxis 

clusters conservation, the presence or absence of auxiliary components (CheC, CheX, CheD, 

CheV), alterations in standard domain architectures of CheA, MCP or CheW; and MCP class, 

which is defined by its cytoplasmic domain length (Alexander and Zhulin, 2007). 

Chemotactic bacteria present on average 14 chemoreceptors (Lacal et al., 2010a), but the 

number of chemoreceptors per bacteria fluctuates from one to more than 80 (Kaneko et al., 

2010). The study performed by Lacal and colleagues (Lacal et al., 2010a) showed that there 

are three main factors that determine the number of chemoreceptors a bacterium presents: 

Metabolic versatility - bacteria that can use different compounds as carbon and energy source 

present a higher number of chemoreceptors when compared to those that inhabit a specific 

niche with reduced diversity of energy sources. For example, Pseudomonas putida presents 

a higher number of chemoreceptors (27) compared to the average (14) and can use more than 

100 different compounds as energy source (Daniels et al., 2010). On the other hand, Borrelia 

burgdorferi, that inhabits habitats with an abundant access to nutrients, having no evolutionary 

pressure to develop metabolic versatility, presents only 6 (Matilla and Krell, 2018). 

Stability of the habitat - in accordance with the previous point, there is a positive correlation 

between the stability of the habitat, the availability of nutrients and the number of 

chemoreceptors. For that reason, Pseudomonas putida, that inhabits everchanging 

environments, presents more chemoreceptors that the strict pathogen Borrelia burgdorferi, that 

inhabits stable environments. 

Lifestyle – bacteria that present complex interactions with other species or a complex lifecycle 

present a high number of chemoreceptors. For example, phytopathogenic bacteria, which 

interact with themselves, the soil and leaf microbiome and the plant, present a high number of 
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chemoreceptors (Kim et al., 2007; Rio-Alvarez et al., 2015; Matilla and Krell, 2018). Other 

example would be bacteria that undergo different phases of development and differentiation 

during their life cycles like Myxococcus xantus or Caulobacter crescentus (Lacal et al., 2010a). 

 

2.3 Chemoreceptors 

Chemoreceptors are the core of the chemotaxis system. A canonical MCP consists of a 

periplasmic ligand binding domain (LBD) flanked by two transmembrane (TM) regions and a 

cytoplasmic domain involved in signaling and interaction with CheA, CheW, CheB and CheR.  

Based on their function, the LBD and the TM domains are grouped in the transmembrane 

sensing module, whilst the cytoplasmic domain can be divided in a signal conversion and a 

kinase control module (Figure 3). 

 

 

Figure 3. Schematic illustration of the structural features and functional modules of a canonical 

chemoreceptor homodimer in E. coli. Adapted from Bi and Lai (2015). 
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The transmembrane sensing module 

This module comprises the ligand binding domain and the transmembrane region. 

Ligand binding domain 

This domain is involved in signal recognition. In transmembrane chemoreceptors is located in 

the periplasmic space in between two transmembrane domains, but it is also present in 

cytoplasmic MCPs. Almost 60% of MCPs present this domain, but the remaining 40% is 

divided into MCPs with no LBD or an unknown LBD. Bioinformatics analysis of MCPs have 

allowed the discovery of LBDs located in the C-terminal region (5% of total MCPs with LBD) 

and the presence of more than one LBD domain in the same MCP (Ortega et al., 2017a).  

From the 80 different LBD domains annotated to date, the ligand specificity and action 

mechanism of only a few of them has been described (Ortega et al., 2017a). LBDs present 

diverse structures (Figure 4), and their classification is based on the presence and number of 

α-helix bundle and PAS-like α/β-fold. Ligand binding in LBDs with an α-helix bundle requires 

the formation of homodimers to bind ligands, while LBDs that present PAS-like α/β-fold can 

bind them as monomers (Fernández et al., 2016a).  

There are two different families of LBD with α-helix bundle: the 4-helix bundle (4HB) and the 

helical bimodular (HBM). 

4-helix bundle (4HB): this is the most abundant LBD, which appears in one third of MCPs, and 

it only perceives extracellular signals (Ulrich and Zhulin, 2005; Ortega et al., 2017a).  As its 

name describes, its formed by 4 α-helix bundle. Besides from MCPs, this domain is also found 

in di-guanylate cyclases and diesterases, sensor histidine kinases and guanylate/adenylate 

cyclases (Ulrich and Zhulin, 2005). Despite its abundance, information on its structure and 

function derives mainly from studies using E. coli chemoreceptors Tar and Tsr as models 

(Hazelbauer et al., 2008; Parkinson et al., 2015). Tar is involved in perception of L-Asp, 

maltose and metal ions, among others (Hazelbauer, 1975; Tso and Adler, 1974; Gardina et 

al., 1992; Bi et al., 2013), and Tsr is involved in perception of L-Ser, quorum sensing signal AI-

2 and dihydroxymandelic acid, among others (Hedblom and Adler, 1980; Greer-Phillips et al., 

2003; Hegde et al., 2011; Pasupuleti et al., 2014). It has been demonstrated in the case of Tar 

and Tsr chemoreceptors that this domain binds the ligand at the dimer interface, stabilizing it 

(Milligan and Koshland, 1993; Yeh et al., 1996; Björkman et al., 2001; Tajima et al., 2011) 

(Figure 4). 

This LBD family is composed of domains annotated in PFAM as 4HB, TarH and Chase3. It is 

a highly versatile domain family, since it presents a broad range of ligands (organic acids, 

amino acids, boric acid and aromatic acids, among others), which can bind directly or indirectly 

(Ortega et al., 2017a) with different degrees of specificity (Huang et al., 2016; Rico-Jimenez et 

al., 2016; Hida et al., 2017). 

Helical bimodular (HBM): this domain presents six α-helix bundles divided into two modules, 

the membrane-distal and the membrane-proximal modules. The most studied chemoreceptor 

with a HBM LBD is McpS of Pseudomonas putida, which binds di and tricarboxylic acids as 

well as butyrate, acetate and citrate/Mg2+ complex. (Pineda-Molina et al., 2012; Martín-Mora 

et al., 2016a) (Figure 4). Structure analysis of this chemoreceptor shows two well defined 
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modules, each containing a binding site: acetate binds in the membrane-distal module and 

succinate and malate in the membrane-proximal module (Pineda-Molina et al., 2012). Other 

chemoreceptors with this LBD studied in P. putida, P.  aeruginosa and P. fluorescens bind 

tricarboxylic acid intermediates such as succinate, malate, citrate, fumarate and α-

ketoglutarate (Martín-Mora et al., 2016a, b; Parales et al., 2013). In the phytopathogenic 

bacteria Dickeya dadantii 3937 a chemoreceptor with this type of LBD has been suggested to 

be involved in xylose perception (Rio-Alvarez et al., 2015). 

Regarding LBDs with PAS-like α/β-fold two different families can be found: the Cache family 

and the PAS family. 

Cache: this family includes the single and double Cache (sCache and dCache, respectively) 

domains. It’s the second most abundant LBD family, found in sensor kinases and in one 

component systems, and like 4HB and HBM, is involved in the perception of extracellular 

signals (Upadhyay et al., 2016).  

Along with HBM, dCache presents a bimodular arrangement, i.e., perception of ligands occurs 

in both modules (Glekas et al., 2012; Ortega and Krell, 2014) and the membrane-proximal 

module transmits the stimulus from the distal module to the membrane (Zhang and 

Hendrickson, 2010). Chemoreceptors with dCache domain perceive amino acids (Rico-

Jiménez et al., 2013; McKellar et al., 2015; Gavira et al., 2020; Ehrhardt et al., 2021), 

polyamines like putrescine, cadaverine, spermidine, and agmatine (Corral-Lugo et al., 2016; 

Corral-Lugo et al., 2018) and purine derivatives (Fernández et al., 2016b). Some 

chemoreceptors present a broad range of ligands, for example, Tlp3 of Campylobacter jejuni 

senses not only amino acids, but also organic acids, purines and thiamine (Rahman et al., 

2014) and in P. aeruginosa, receptors PctA and TlpQ bind amino acids and quorum sensing 

signal Al-2 (Zhang et al., 2020). sCache has been observed to sense urea (Goers Sweeney et 

al., 2012; Huang et al., 2015) and C2 and C3 organic acids (García et al., 2015; Brewster et 

al., 2016) (Figure 4). 

PAS: this is the third most abundant family, and unlike the previous two, it is exclusively 

intracellular (Ponting and Aravind, 1997; Zhulin et al., 1997). This type of domain is present in 

numerous non-chemotaxis-related signaling proteins and unlike 4HB and Cache, is also 

present in eukaryotes (Ponting and Aravind, 1997; Moglich et al., 2009; Zhang and 

Hendrickson, 2010; Henry and Crosson, 2011). It’s usually involved in oxygen and redox 

sensing, since many of its members present heme, FAD or flavin mononucleotide (FMN) 

(Ortega et al., 2017a) (Figure 4). This domain is the ancestor of the Cache domain (Henry and 

Crosson, 2011; Zschiedrich et al., 2016), and the main criteria to distinguish them it is the 

location, since Cache family is extracellular whilst PAS is intracellular. 
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Figure 4. Structure of different LBDs families. The difference in chain colors indicates LBDs from two 

different MCPs. When present, ligand (red) is mentioned. In parenthesis, PDB accession code (Ortega 

et al., 2017a). 

 

The transmembrane regions 

These regions are present in approximately 86% of MCPs 

(Collins et al., 2014). A typical MCP presents two TM regions: 

TM1, between the N terminus and the LBD, and TM2, between 

the LBD and the cytoplasmic domain. TM2 presents an 

extension at the cytosolic side connecting this module to the 

next (Parkinson, 2010; Kitanovic et al., 2011) (Figure 3). 

Upon ligand binding, there is a conformational change in this 

module which triggers the chemotaxis response. The 

mechanism is not fully understood, but the most accepted 

proposal is the “piston displacement” proposal. Briefly, ligand 

binding produces a piston-like move of the TM2 helix with 

respect to TM1, a move that is transmitted to the cytoplasmic 

domain (Falke and Hazelbauer, 2001). 

Considering the vast diversity of LBDs structures, as well as 

the different sensing modes, it can be speculated that different 

types of mechanisms exist in nature.  
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The signal conversion module 

This module is composed by a 50 residues domain called 

HAMP, named like that because it is found in histidine 

kinases, adenylyl cyclases, MCPs and phosphatases. It acts 

as a linker transmitting the signal from the sensing module to 

the kinase control module (Aravind and Ponting, 1999; 

Szurmant and Ordal, 2004). 

This domain is found in 30% of histidine kinases (Zschiedrich 

et al., 2016) and multiple structures have been solved. It 

consists of two amphipathic α helices (AS1 and AS2) linked 

by a nonhelical connector segment (CTR), which modulates 

the stability (Hulko et al., 2006; Airola et al., 2010; Dunin-

Horkawicz and Lupas, 2010; Kitanovic et al., 2011; Airola et 

al., 2013a). In the majority of MCPs, one end of the domain 

connects to the TM sensing module through a “control cable” 

formed by 5 amino acids, and the other end connects to the 

kinase control module through a phase stutter formed by 4 

amino acids (Parkinson et al., 2015) (Figure 3). 

The Kinase control module 

This region is formed by two helixes containing a hairpin turn 

at the membrane-distal end. When forming dimers, this 

module is a four-helix anti-parallel coiled-coil (Kim et al., 

1999; Hazelbauer et al., 2008). This structure is of great 

importance to propagate the signal from the periplasmic 

domain to the cytoplasmic tip (Parkinson et al., 2015) (Figure 

3). 

This region presents a high degree of conservation because 

one of its function is to interact with other MCPs and the rest 

of the chemotaxis component, and the slightest mutation in 

this area could deeply affect bacterial fitness. This high 

degree of conservation has become the criterion for 

annotation of MCPs (Alexander and Zhulin, 2007).  

Analysis of more than 2000 kinase control modules from a 

wide variety of species (150 in total) reveals a pattern of 

seven consecutive residues repetition, called heptads, 

symmetrically located on each side of the hairpin turns. Each 

heptad corresponds to two alpha helical turns (Alexander and Zhulin, 2007). Based on the 

number of heptads and sequence conservation, seven major classes of MCPs were defined 

(24H, 28H, 34H, 36H, 38H, 40H and 44H) (Figure 5), present in 90% of the sequences 

analyzed; and five minors (42H, 48H, 52H, 58H and 64H). In all the major classes, there are 

two hydrophobic and highly conserved residues in each heptad, the first and the four, called 

knobs. Heptads 1 to 4, located in the hairpin turn, are highly conserved and correlate to the 
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protein contact region. Heptads 5 to 12 are the least conserved, presenting gaps when different 

heptad-length MCPs are aligned and correspond to the flexible bundle subdomain. Finally, 

heptads 13-22 present a medium conservation and correspond to the methylation helix bundle 

subdomain. (Figure 5). These 3 subdomains and their function will be further explained.  

The length of chemoreceptors is involved in array organization, since MCPs assemble forming 

arrays according to their number of heptads (Briegel et al., 2009; Herrera Seitz et al., 2014). 

Attempts to form arrays of different classes have been shown to produce aberrant non-

functional MCP clusters, suggesting that the presence of different classes of MCPs is a 

mechanism to control functional cooperation between them (Herrera Seitz et al., 2014). 

 

 

Figure 5. Schematic classification of chemoreceptors according to the number of heptads. 

Chemoreceptors class are boxed on top of each figure. Each colored box represents two heptads. 

Heptads that belong to different subdomains are represented in colors: methylation helix bundle (green), 

flexible bundle (pink) and protein-contact (blue) (Salah Ud-Din and Roujeinikova, 2017). 
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As it has been mentioned above, according to the degree of sequence conservation, the 

number of heptads and function, the kinase control module can be divided into three 

subdomains: 

The methylation helix bundle subdomain 

This subdomain contains the specific glutamyl residues involved in 

adaptation that are methylated/demethylated by CheB and CheR 

(Hazelbauer et al., 2008). It is present in all major MCP classes 

except for the 24H class (Alexander and Zhulin, 2007). The location 

and number of methylation sites depends on the MCP class and 

based on the relation between methylation pattern and MCP length 

it has been suggested that signaling and adaptation mechanisms 

have coevolved (Hazelbauer et al., 2008) (Figure 3). 

In some chemoreceptors there is an unstructured C-terminal 

extension of approximately 30 amino acids that ends with a 

conserved pentapeptide (Bartelli and Hazelbauer, 2011) (Figure 3). 

This C-terminal extension is also known as pentapeptide tether.  

Proteins involved in chemotaxis adaptation bind to this pentapeptide with different affinities. 

CheR binds with a 200-fold affinity compared to the methylation site (Wu et al., 1996; Li and 

Hazelbauer, 2020), whilst CheB binds with lower affinity (Barnakov et al., 2002). E. coli 

presents 5 chemoreceptors: Tar, Tsr, Tap, Trg and Aer, which colocalize in the same 

chemosensory array. The most abundant chemoreceptors in the array are Tar and Tsr (Gosink 

et al., 2006; Parkinson et al., 2015). These two chemoreceptors present the C-terminal 

pentapeptide, whilst the other three don’t. It has been observed that in the absence of Tar and 

Tsr, chemoreceptors Tap, Trg and Aer present an inefficient adaptation. In addition, the 

removal of the C-terminal pentapeptide of Tar and Tsr also produced inefficient adaptation (Le 

Moual et al., 1997; Li et al., 1997; Barnakov et al., 1999). The C-terminal pentapeptides of Tar 

and Tsr assist in the adaptation of the other three chemoreceptors by attracting CheR to the 

chemotaxis signaling cluster (Wu et al., 1996; Yi and Weis, 2002; Li and Hazelbauer, 2005; 

Muppirala et al., 2009) and stimulating the activity of CheB (Barnakov et al., 2002). 

In bacteria that present more than one chemotaxis cluster, the C-terminal pentapeptide 

mediates the interaction of paralogues of CheR and CheB with specific chemoreceptors. P. 

aeruginosa PAO1 presents four chemotaxis clusters and 26 chemoreceptors. From the three 

chemoreceptors that present a C-terminal extension (McpA, Aer2/McpB and PA0411), only 

Aer2/McpB presents a C-terminal pentapeptide (García-Fontana et al., 2014). Aer2/McpB is 

encoded in chemotaxis cluster II, together with the CheR and CheB paralogues CheR2 and 

CheB2, respectively and the specificity of CheR2 and CheB2 interaction with Aer2/McpB is 

directed by the C-terminal pentapeptide (García-Fontana et al., 2014; Velando et al., 2020).  

The C-terminal pentapeptide is present in 10% of almost 250,000 chemoreceptors from 17,322 

bacterial proteomes analyzed (Ortega and Krell, 2020). It appears to be abundant in the four-

helix bundle family (4HB, TarH and CHASE3), being present in half of the TarH-containing 

MCPs. The pentapeptide is especially abundant in the order of Enterobacterales and in 
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bacteria that interact with a host, suggesting an alternative role to chemotaxis adaptation 

(Ortega and Krell, 2020). 

The flexible bundle subdomain 

This is a flexible region that connects the methylation subdomain 

with the protein contact subdomain. It’s the least conserved region 

of this module, being the knobs and six glycine residues at 

midpoint (called glycine hinge) the only conserved residues 

(Figure 3). Based on how they are stacked, there are two type of 

knobs, the large (or “bones”) and the small knobs (or “tendon”). 

Rigid “bones” knobs appear to stabilize the dimer structure whilst 

the flexible “tendons” transmit sensory information to the signaling 

subdomain (Alexander and Zhulin, 2007; Parkinson et al., 2015; 

Salah Ud-Din and Roujeinikova, 2017). On the other hand, glycine 

hinges allow chemoreceptors to bend in order to avoid structural 

clashes with neighboring dimers (Akkaladevi et al., 2018).  

 

 

The protein contact subdomain  

This is the most conserved subdomain of the MCPs. The residues 

of this subdomain can be divided depending on whether they are 

involved in intra or interdimer interaction. Intradimer sites interact 

with another chemoreceptor forming a dimer. Interdimer sites 

contributes to the interaction with other dimers and with CheA and 

CheW, stabilizing the cluster of trimers and the activity of signaling 

complexes dimers (Butler and Falke, 1998; Mowery et al., 2008; 

Parkinson et al., 2015). There are three strictly conserved glycines 

involved in maintaining the tight structure of the hairpin turn (Figure 

3).  

 

 

2.4 Chemosensory arrays 

Chemoreceptors are arranged in defined structures called arrays that allows communication 

among them, and for that reason arrays are responsible for chemotaxis signalling main 

features: cooperativity (Li and Weis, 2000; Sourjik and Berg, 2004), sensitivity (Duke and Bray, 

1999), signal amplification (Sourjik and Berg, 2002a) and adaptation (Endres and Wingreen, 

2006; Porter et al., 2008). Advances in fluorescence, cryo-electron and immune-electron 

microscopy (Sourjik and Berg, 2000; Zhang et al., 2007; Briegel et al., 2008, 2009) have 

increased our knowledge regarding chemoreceptors organization and localization. 
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The minimal signalling unit, also called the core, consist of one trimer of MCPs dimers, that 

can be formed by heterologous or homologous MCPs (Kim et al., 1999; Studdert and 

Parkinson, 2004), two monomers of CheA and one monomer of CheW (Li and Hazelbauer, 

2004) (Figure 6 A). 

The core components interact in the protein contact subdomain of the MCPs with the P5 

regulatory domain of CheA (Bourret et al., 1993; Levit et al., 1999) and one CheW monomer 

(Wang et al., 2012; Li et al., 2013; Pedetta et al., 2014). The P3 domain of CheA is responsible 

for its dimerization with another CheA; which is presenting the same interaction with another 

CheW monomer and a trimer of dimers, thus obtaining the core. 

This core interacts with others spontaneously and fuse, forming an array of thousands of 

receptors and associated proteins. Interestingly, these fusions arrange in hexagonal packing 

order (Endres and Wingreen, 2006; Porter et al., 2008). This packing is highly conserved in 

prokaryotes, which suggest it is the most optimal and effective structure to facilitate the 

integration of inputs that all the different receptors receive and guaranty an effective 

communication with the rest of the chemotaxis pathway components. The association of the 

hexagonal structure form a honeycomb-like lattice, which is best observed in the cytosol-inner 

membrane interface, indicating the components interact with each other in the signalling 

domain of the receptors (Briegel et al., 2009) (Figure 6 A). 

The receptors that form membrane arrays interact with each other according to their size 

(Alexander and Zhulin, 2007; Briegel et al., 2009; Herrera Seitz et al., 2014), which is 

determined by the chemoreceptor class, the number of HAMP domains and the presence of 

linker regions (Moglich et al., 2009; Parkinson, 2010).  

Study of bacteria with more than one chemosensory system and MCPs of different classes 

has increased our knowledge on array composition, location and number (Mauriello et al., 

2018; Yang and Briegel, 2020). Vibrio cholerae presents 3 signalling arrays, each 

corresponding to a specific chemotaxis cluster (Yang et al., 2018). Cluster I is not involved in 

chemotaxis and form cytoplasmic arrays. Cluster II is involved in chemotaxis (Gosink et al., 

2002) and forms transmembrane arrays localized in the cell pole (Alvarado et al., 2017; 

Ringgaard et al., 2018). The role of the other cluster has not been determined. Rhodobacter 

sphaerodies presents 3 chemotaxis clusters, two of them involved in chemotaxis (Porter et al., 

2002). These two clusters form one transmembrane array and one cytoplasmic, depending on 

the type of chemoreceptors associated to each cluster (Mauriello et al., 2018). Azospirillum 

brasilense presents 4 chemosensory systems, two of them are involved in chemotaxis whilst 

the role of the other two systems is unknown (Mukherjee et al., 2016). This bacterium presents 

2 different transmembrane arrays located in the poles that corresponded to the two systems 

involved in chemotaxis. Interestingly, CheA and CheW proteins of each cluster could be found 

in both arrays, suggesting communication of arrays with the same function (O'Neal et al., 

2019).  
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Figure 6. Chemosensory arrays. (A) Hexagonal organization of group of arrays. In the red box, the 

minimal signaling unit, which consist of trimer of dimers (green circle), CheA (dark blue bars) and CheW 

(white bars). (B-C) Images of arrays from transmembrane (B) and cytoplasmic (C) MCPs obtained by 

cryoelectron-tomography (Briegel et al., 2014). To the right of each image there’s a schematic 

representation following color schemes from (A). Adapted from Mauriello et al. (2018). 

 

Chemoeffectors sensitivity and signal amplification 

Chemotaxis is a highly sensitive mechanism that allows bacteria to detect concentrations as 

low as 3 nM (Mao et al., 2003). The output derived from that perception is amplified almost 

100-fold: a 0.2% increase in the number of ligand-bound receptors produces a 23% change in 

flagella activity (Segall et al., 1986; Sourjik and Berg, 2002b). Both sensitivity and signal 

amplification are achieved through the allosteric interaction observed in two defined stages of 

chemotaxis. The first and main interaction locates in the receptor arrays, where there is 36-

fold signal amplification (Sourjik and Berg, 2002a). The second locates in the flagella, where 

each of the 30 subunits that form the switch complex of the flagellar motor act in a cooperative 

way (Cluzel et al., 2000). Surprisingly, in this process CheZ phosphatase is not involved (Yuan 

et al., 2012). 

A relation between the nutritional state in both sensitivity and signal amplification has been 

observed. Shortage of a specific nutrient can increase the sensitivity towards it (Khursigara et 

al., 2011). This is due to an elevated expression of the receptor that senses it, increasing its 

presence in the receptor array and therefore the sensitivity to the compound (Kalinin et al., 

2010).  
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Adaptation 

In order to sense gradients, bacteria make temporal comparison by sensing the current 

environment and the recent past. This sort of chemical memory is achieved thanks to MCP’s 

adaptation, i.e the ability to return to the pre-stimuli state (Macnab and Koshland, 1972; 

Krembel et al., 2015). 

When CheA is inactivated, there is a drop of CheY-P and CheB-P levels. However, because 

of the action of CheZ and the lack of phosphatases that act on CheB-P, levels of CheY-P drop 

faster than CheB-P’s. During this time difference, methylation levels of MCP don´t change, so 

the MCP maintains a high level of affinity to the ligand (Paulick and Sourjik, 2018). 

When CheB-P levels drop, the levels of MCP’s methylation increase, which stimulates MCP-

directed CheA activity, returning to the pre-stimuli state (Salah Ud-Din and Roujeinikova, 

2017). If concentration of the attractant increases, bacteria sense it again, repeating the 

process and maintaining longer runs. If concentration of the attractant is reduced, bacteria go 

back to short runs and tumbling movement. 

In E. coli, reactions involved in adaptation (methylation and demethylation) require the 

presence of the C-terminal pentapeptide NWETF. This sequence is recognized by CheB and 

CheR, allowing interaction with the MCP and thus allowing adaptation (Wu et al., 1996; 

Barnakov et al., 1999). This pentapeptide is present in the high abundance chemoreceptors 

Tar and Tsr. In the signalling array, there is a mix of high and low abundance chemoreceptors, 

and the first group assists and cooperates with the second group to guaranty adaptation (Li 

and Hazelbauer, 2005). 

The length of the memory, i.e., the time required to return to the pre-stimuli state depends on 

the bacteria motility and stimulation strength. The length must be in a range of time that allows 

the bacteria to perform runs through the gradient taking in consideration bacterial speed 

(Vladimirov et al., 2008; Vladimirov and Sourjik, 2009; Celani and Vergassola, 2010; Oleksiuk 

et al., 2011). 

Bacteria can detect changes of concentrations in a range of up to 6 orders of magnitude (from 

nanomolar to millimolar) (Segall et al., 1986; Kim et al., 2001) because signal amplification is 

coupled to adaptation. Without adaptation, signal amplification would saturate the chemotaxis 

system at 1% binding capacity (Li and Hazelbauer, 2005; Vladimirov and Sourjik, 2009). At 

high ligand concentrations, the adaptation fails due to the saturation of the methylation sites 

(Alon et al., 1999; Yi et al., 2000; Meir et al., 2010). 

Robustness 

Adaptation is extremely precise thanks to its robustness, i.e., the capacity to maintain this 

precision under a series of both external, e.g., temperature, and internal, e.g., gene expression 

perturbations (Alon et al., 1999). 

To compensate temperature changes, CheR and CheB present a similar temperature-based 

activity (Oleksiuk et al., 2011; Sourjik and Wingreen, 2012). In addition, the cytosolic 

components of chemotaxis are arranged in operons under a common transcriptional control, 

which allows the bacteria to maintain protein stoichiometry under different circumstances (Li 

and Hazelbauer, 2004; Kollmann et al., 2005; Lovdok et al., 2007; Lovdok et al., 2009). 



General Introduction 
 

 20   
 

Cooperativity – MWC model 

Adaptation, sensitivity, and signal amplification require communication from the components 

of the signalling array, i.e., cooperativity. Even though the molecular mechanism isn’t clear to 

date, CheW are necessary, since in their absence the arrays show no cooperativity (Vaknin 

and Berg, 2007; Amin and Hazelbauer, 2010) whilst in their presence they do (Li and Weis, 

2000; Sourjik and Berg, 2004; Lai et al., 2005). 

One accepted model to describe this cooperation is the Monod-Wyman-Changeux (MWC) 

allosteric proteins model (Monod et al., 1965). Briefly, when a receptor binds a ligand, the 

equilibrium of the array goes from active to inactive. When a receptor is in an inactive array its 

affinity increases. Thus, the binding from a receptor increases the chances from the rest of the 

receptors of that array to bind a ligand, reinforcing the inactive state. This positive 

reinforcement produces a cooperative response to a ligand. In this model, the highest 

cooperativity can only be achieved when the array presents the same receptor, as the receptor 

diversity increases, cooperativity decreases (Sourjik and Berg, 2004; Frank et al., 2016). 

 

2.5 Perception mechanisms 

The canonical perception mechanism involves a direct recognition of the ligand by the LBD of 

the receptor (Figure 7 A), and it has been widely studied. With few exceptions, most of the 

MCP-ligand profile studies assume a direct LBD recognition, since ligands were assigned by 

binding assays of the purified LBD. The wide variety of ligands perceived by this mechanism 

includes amino acids, aromatic acids, polyamines, di and tricarboxylic acid, among others 

(Fernández et al., 2016b; Ortega et al., 2017a; Fernandez et al., 2018; Matilla et al., 2020) 

(Figure 8). 

 

Figure 7. Representation of perception mechanisms. (A) Direct ligand-LBD binding. (B) Periplasmic 

protein-dependent (blue) LBD binding. (C) LBD-independent binding (D Chemoreceptor-independent 

sensing. Adapted from Bi and Sourjik (2018). 
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Figure 8. Example of ligands recognized by direct binding mechanisms. Ligands are grouped 

according to the LBD family of the chemoreceptor involved. In parenthesis, the bacteria abbreviated and 

the name of the chemoreceptor. Ec: Escherichia coli, Ct: Comamonas testosteroni, Pa: Pseudomonas 

aeruginosa, Bs: Bacillus subtilis, Cj: Campylobacter jejunii, Pp: Pseudomonas putida, Vc: Vibrio 

cholerae, Sm: Sinorhizobium meliloti, Hp: Helicobacter pylori (Ortega et al., 2017a). 

 

However, other indirect mechanisms have been described (Figure 7 B-D), but information is 

scarce given the technical complexity when it comes to their study. Some of the described 

indirect mechanisms are: 

LBD-dependent indirect mechanism 

In this mechanism, periplasmic binding proteins (PBP) bind the ligand, forming a complex that 

interacts with the LBD, producing a canonical chemotactic response (Figure 7 B). These PBPs 

interact with different types of LBDs, suggesting this mechanism is widely distributed in 

bacteria (Matilla and Krell, 2017). Ligands that have been described to be recognized by this 

mechanism are sugars, dipeptides, amino acids, inorganic phosphate and quorum sensing 

signals (Hegde et al., 2011; Anderson et al., 2015; Ortega et al., 2017a). 

Unlike MCPs, these PBPs are not subjected to the adaptation system of chemotaxis, thus the 

dynamic range of perception is only 2 orders of magnitude, instead of the 4-6 orders of MCPs 

(Neumann et al., 2010). However, one advantage of this mechanism is that it allows a 

regulation of the perception of a specific ligand through changes in the expression levels of the 

PBP without compromising the perception of other ligands sensed by the chemoreceptor 

(Neumann et al., 2010; Rico-Jimenez et al., 2016). 
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Non-conventional mechanisms 

The transmembrane and cytoplasmic domain of the receptors can sense different type of 

physicochemical stimuli (Figure 7 C). The notion of LBD-independent perception is not a 

surprise and should not be treated as something residual since approximately 18% of MCPs 

lack LBD (Ortega et al., 2017a). 

Just to mention some examples: phenol, Ni2+ and probably other divalent cations are sensed 

by the region between the transmembrane and the HAMP domain (Pham and Parkinson, 2011; 

Bi et al., 2018); nonionic osmolytes by the HAMP domain (Vaknin and Berg, 2006); intracellular 

pH by the transmembrane and the cytoplasmic domain (Kihara and Macnab, 1981; Umemura 

et al., 2002) and interestingly, alcohol can be sensed both by the canonical direct mechanism 

or by the cytoplasmic domain (Tohidifar et al., 2020a). 

Unorthodox mechanisms 

In this category are included mechanisms that are independent of the chemoreceptor or that 

involve changes in its structure to function. MCP-independent taxis to sugar is connected to 

their uptake trough the phosphotransferase system (PTS) (Figure 7 D). This system allows the 

uptake of sugars (Adler and Epstein, 1974; Lengeler et al., 1981), which in turn decreases the 

level of phosphorylation of PTS proteins. These proteins interact with CheA, triggering a 

chemotactical response that propagates to the MCP’s methylation domain (Neumann et al., 

2012). However, this response is not amplified by the receptor arrays, as it occurs in the 

canonical chemotactical response (Somavanshi et al., 2016). Chemoreceptor’s activation can 

be a result of their processing: in Pseudomonas aeruginosa, the chemoreceptor BdlA plays a 

role in dispersion, i.e., the transition from biofilm to planktonic state. When levels of c-di-MGP 

increase, BdlA is cleaved in the area between its two PAS domains, activating the receptor 

and starting the dispersion process (Petrova and Sauer, 2012; Petrova et al., 2015). Finally, 

perception may involve the action of two different MCPs. In Campylobacter jejuni, energy taxis 

is mediated by two chemoreceptors, CetA and CetB. CetA presents a transmembrane, HAMP, 

and cytoplasmic domain, but no LBD. CetB presents only a PAS domain. Once stimulated, the 

PAS domain of CetB interacts with the HAMP domain of CetA, triggering the chemotactic 

response (Elliott and Dirita, 2008; Elliott et al., 2009).  

The described non-direct mechanisms show how diverse the chemotaxis system is in terms of 

signal perception, but it also suggests that as the knowledge on chemoreceptors expands and 

the techniques for their characterization allow it, new type of mechanisms will appear. 
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2.6 Ligands 

Chemoreceptors sense a wide variety of signals, based on the nature of the signal, ligands 
can be classified into two groups: chemical (chemoeffectors) and physicochemical 
(environmental effectors). 
 
Chemoeffectors 

Chemical cues are metabolizable compounds such as amino acids, sugars, organic acids or 

non-metabolizable such as quorum sensing signals, phenol and toxic compounds (Sampedro 

et al., 2015; Ortega et al., 2017a; Martin-Mora et al., 2018a) (Supplementary Table 1).  

Perception of a chemoeffector produces the movement towards or against the chemical source 

in a unidirectional way. Based on the response generated, chemoeffectors can be classified 

as attractants, repellents or antagonists. The latter don’t elicit a chemotaxis response, but its 

binding blocks the perception of attractant and repellents.  

Environmental effectors 

Environmental cues described to date are pH, temperature and osmotic pressure. In B. subtilis, 

four of its ten chemoreceptors are pH sensors: McpA, McpB, TlpA and TlpB. McpA senses 

acidic pH, McpB and TlpB basic pH and TlpA both. These four chemoreceptors present a 

dCache LBD, and perception is mediated by no more than 3 residues located in this region. 

These residues establish hydrogen bonds depending on their protonation state. Alteration of 

this state by changes in pH leads to the disruption of these hydrogen bonds, causing a 

conformational change that is propagated to the signaling domain of the receptor, triggering a 

chemotactic response (Tohidifar et al., 2020b). In E. coli, chemoreceptors Tar and Tsr are also 

involved in pH sensing. Tar elicits an attractant response to acidic pH and a repellent response 

to basic pH; Tsr elicits the opposite response. The level of methylation of Tar and Tsr determine 

the strength of the response of each chemoreceptor, in a mechanism known as push-pull: at 

acidic pH, Tsr is less methylated and more sensitive to pH changes, thus presenting a stronger 

response than Tar, at basic pH Tar is less methylated and presents the stronger response 

(Yang and Sourjik, 2012). A similar interplay between Tar and Tsr and their methylation levels 

is involved in thermotaxis, though more factors are also involved in this response (Paulick et 

al., 2017). An increase in osmotic pressure elicits a repellent response in E. coli by affecting 

the interactions between the membrane and the transmembrane regions of the 

chemoreceptors. The alteration in this interaction enhances the kinase activity of CheA through 

an unknown mechanism, enhancing tumbling and keeping the bacteria away from this 

increased osmotic pressure (Vaknin and Berg, 2006). 

Unlike chemoeffectors perception, environmental cues produce a response called bidirectional 

taxis, where bacteria must avoid extreme values of these cues because of their toxicity, e.g., 

acidic or basic pH. 
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3. Phytopathogenic bacteria and chemotaxis 

Plant diseases caused by bacteria produce considerable economic losses and its impact on 

global agriculture is increasing. Although the incidence of diseases produced by bacteria is 

lower than those produced by fungi or viruses, when conditions are favourable, they can be 

extremely destructive (Kannan et al., 2015). 

Phytopathogenic bacteria have adapted to live as saprophytes or epiphytes in the soil, on 

leaves surface, plant debris and plant-associated insects (Leonard et al., 2017). These 

bacteria are constantly sensing environmental cues such as pH, temperature, light, water 

availability and moisture (Efetova et al., 2007; Oberpichler et al., 2008; Hao et al., 2012; Haldar 

and Sengupta, 2015; Wei et al., 2015). In addition, an increasing number of studies have 

shown the importance of the interaction of phytopathogenic bacteria with the plant microbiome, 

which includes bacteria, fungi, yeast and other commensal microorganisms (Vorholt, 2012; 

Rastogi et al., 2013; Bartoli et al., 2018; Xin et al., 2018).  

During the epiphytic stage, bacteria must survive to desiccation, ultraviolet radiation and 

temperature changes, among others, until conditions are optimal to access the interior of the 

plant. In response to stressful conditions, especially desiccation, cold temperatures and 

osmotic stress, bacteria produce exopolysaccharides (EPS): Xanthomonas and Pseudomonas 

produce xanthan, levane and alginate. Mutation of genes involved in EPS production in these 

bacteria generates an impaired adherence to the surface, reduced virulence and biofilm 

formation (Laue et al., 2006; Dunger et al., 2007; Rigano et al., 2007; Freeman et al., 2013; 

Yu et al., 2013).  

For optimal adherence to the plant surface, bacteria produce adhesins. Fimbrial adhesins, or 

pili, are polymers of the protein pilin that protrude from the bacterial surface. In Gram-negative 

phytopathogenic bacteria, the most common pili is the type IV pili (T4P), which is also involved 

in twitching motility that allows bacteria to displace through surfaces with low water content 

(Mattick, 2002). The T4P is required for epiphytic survival and virulence in P. syringae (Roine 

et al., 1998; Taguchi and Ichinose, 2011), Ralstonia solanacearum (Corral et al., 2020), 

Xanthomonas spp. (Dunger et al., 2016) and Xylella fastidiosa (Cursino et al., 2011). Non 

fimbrial adhesins are not polymers but single proteins secreted by the bacteria. Alterations in 

their production affect bacterial virulence, as observed in Dickeya dadantii (Rojas et al., 2002), 

Pectobacterium atrosepticum (Berne et al., 2015), Xanthomonas citri (Gottig et al., 2009) and 

X. fastidiosa (Feil et al., 2007; Matsumoto et al., 2012). The production of adhesins, 

exopolysaccharides and other secreted compounds result in the formation of bacterial 

aggregates embedded in a matrix called biofilm (Castiblanco and Sundin, 2016). Biofilms 

protect bacteria from adverse environmental conditions and host defense compounds. In 

addition, biofilm procure a stable environment for bacterial growth (Danhorn and Fuqua, 2007; 

Castiblanco and Sundin, 2016). During biofilm maturation, high levels of the second 

messenger c-di-GMP down-regulate the expression of genes involved in motility genes and 

up-regulate the expression of genes involved in biosynthesis of biofilm matrix components 

(Baraquet and Harwood, 2016; Rumbaugh and Sauer, 2020). When conditions are optimal for 

bacteria to actively search entry sites in the plant, bacteria produce surfactants and quorum 

sensing signals (Zhu et al., 2011; Zeng et al., 2013) that trigger biofilm dispersion through the 
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reduction in the levels of c-di-GMP (Lu et al., 2012). During this process, bacterial expression 

of genes involved in motility and chemotaxis is up-regulated (Castiblanco and Sundin, 2016). 

Phytopathogenic bacteria can only enter through natural openings like stomata or through 

wounds because they lack the structures to penetrate the cell wall. Chemotaxis allows these 

bacteria to properly localize and move towards these openings through the perception of 

molecular signals released from them (Melotto et al., 2006; Antúnez-Lamas et al., 2009a). In 

P. savastanoi pv. savastanoi the mutation of one chemoreceptor produces an impaired 

virulence in vivo (Matas et al., 2012). In X. axonopodis, a mutant strain unable to synthesis 

flagellum presents a reduced virulence (Malamud et al., 2011). In X. oryzae a strong 

chemotaxis towards components of the xylem sap is observed, and this perception plays a 

role in epiphytic entry and virulence in this bacterium (Kumar Verma et al., 2018). 

The endophytic stage starts upon bacterial entry in the plant. In this stage, bacteria must adapt 

to the apoplast environment and cope with plant defense mechanisms (Fatima and Senthil-

Kumar, 2015). To this end, bacteria produce toxins and phytohormones, which regulate plant 

and bacterial physiology, and protein effectors that contribute to virulence and adaptation to 

the new environment.  

Bacterial toxins can alter the cell metabolism, as observed with mangotoxine, a toxin produced 

by some P. syringae pathovars, which inhibits plant’s ornithine and arginine biosynthesis 

(Arrebola et al., 2003). They can also interfere with the plant defense response and stomatal 

closure, as observed with the toxin coronatine produced by some P. syringae pathovars 

(Bender et al., 1999). Other toxins, like thaxtomins produced by Streptomyces scabies can 

alter plant Ca2+ and H+ ion flux (Bignell et al., 2014). Phytohormones produced by bacteria 

alter the plant hormonal balance and normal cell development: in Agrobacterium tumefaciens, 

auxin and cytokinin production induces tumour formation (Zupan et al., 2000), in 

Pseudomonas. savasatanoi pv. savastanoi, indole acetic acid production is involved in tumour 

formation and it was observed to regulate the expression of type 3 and 6 secretion systems 

upon exogenous addition (Aragón et al., 2014). 

Proteins and other molecules required for virulence and adaptation are translocated to the 

plant using secretion systems. Six secretion systems have been described in Gram-negative 

bacteria. Type 1 secretion system (T1SS) is involved in the translocation of antimicrobial 

peptides, adhesins, lipases and proteases in Pectobacterium and Dickeya (Chang et al., 

2014). T2SS is involved in translocation of cell-wall degrading enzymes, which determine the 

output of the infection produced by Dickeya, Pectobacteirum, Erwinia, Xanthomonas and 

Ralstonia (Korotkov et al., 2012; Green and Mecsas, 2016). T3SS is widely distributed in 

Gram-negative bacteria and it is a major virulence factor because is involved in translocation 

of effector proteins. The role of these effectors is to overcome plant immunity and modulate 

plant metabolism for bacterial benefit (Büttner and He, 2009; Chang et al., 2014). T4SS allows 

the translocation of both proteins and DNA into the cytosol. In addition, T4SS is involved in 

antibiotic resistance through plasmid conjugation (Costa et al., 2015). T5SS and T6SS are the 

least studied secretion systems in phytopathogenic bacteria, in X. fastidiosa and D. dadantii, 

T5SS is involved in translocation of proteins with a role in bacterial adherence (Rojas et al., 

2002; Preston et al., 2005; Matsumoto et al., 2012). However, the molecules translocated by 

T6SS and their role are unknown. In P. syringae pv. syringae, mutation of T6SS components 
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had no effect on bacterial virulence (Records and Gross, 2010) whilst in P. atrosepticum 

mutation of some T6SS components enhanced bacterial virulence (Mattinen et al., 2008). 

The presence of phytopathogenic bacteria in the plant tissues is recognized by the plant upon 

perception of pathogen-associated molecular patterns (PAMPs), such as flagellin (Chinchilla 

et al., 2006), triggering a defensive response or PTI (Pathogen triggered immunity). This 

response is counterattacked by the bacteria through the release of effector proteins. If the plant 

is able to properly respond to these effectors through the immune response known as ETI 

(Effector triggered immunity), bacteria won’t be able to produce disease. Plants unable to 

counteract the bacterial effector repertoire functions will be susceptible to the pathogen, and 

the bacteria will produce a disease (Rajamuthiah and Mylonakis, 2014).  

As it has been mentioned above, one of the main steps in the plant-bacteria interaction 

establishment is the switch from epiphytic to endophytic stage, which is conditioned by 

chemotaxis. Chemotaxis genes are present in more than 90% of phytopathogenic bacteria 

analysed (Ortega et al., 2017a), a number above the average 50% observed in total bacteria 

(Wuichet and Zhulin, 2010). Interestingly, phytopathogenic bacteria present on average more 

than twice the number of chemoreceptors, 33, than the average, 14 (Lacal et al., 2010a). 

Despite playing an important role in infection, knowledge on the signals perceived by bacteria 

with a role in infection is scarce. Ralstonia solanacearum presents chemoattraction to 

exudates from its tomato host, and to a lesser extent to an exudate from the non-host rice (Yao 

and Allen, 2006). This bacterium perceives L-malate through the McpM chemoreceptor, and 

mutation of this gene reduced bacterial infection in tomato (Hida et al., 2015). Agrobacterium 

tumefaciens exhibits chemotaxis to phenolic compounds released in wounded areas of the 

plant (Parke et al., 1987; Ashby et al., 1988). Pseudomonas syringae pv. actinidae perceives 

amino acids, C2- and C3 carboxylates, and the perception of these compounds is proposed to 

be involved in bacterial infection (McKellar et al., 2015; Brewster et al., 2016).  

Similar to phytopathogenic bacteria, chemotaxis is important for host interaction in beneficial 

plant-bacteria. Sinorhizobium meliloti presents chemotaxis to proline, which is present at high 

concentration in alfalfa seeds (Webb et al., 2014) Mutation of chemoreceptors McpB and McpC 

of Rhizobium leguminosarum reduces the ability to form nodules on peas (Yost et al., 1998). 

Chemotaxis of P. fluorescens to amino acids, major components of root exudates, mediated 

by chemoreceptors CtaA, CtaB and CtaC is important for root colonization (Oku et al., 2012). 

In order to stablish a link between perception of specific compounds and virulence, the 

chemoreceptors involved in this process must be identified. There are a number of factors that 

difficult the establishment of chemoreceptor’s ligand profile: phytopathogenic bacteria present 

an unusually high number of chemoreceptors, the same ligand can be sensed by more than 

one chemoreceptor, perception is not always a direct mechanism where the ligand binding 

domain interacts with the ligand, and finally, bacterial metabolic state (Alexandre, 2010) and 

culture conditions can mask chemotaxis phenotype (Wu et al., 2000; Luu et al., 2015).  

In this work, to study the role of chemotaxis in bacterial infection we have focused on two 

model bacteria, Dickeya dadantii 3937 (Dd3937) and Pseudomonas syringae pv. tomato 

DC3000 (PsPto). 
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3.1 Pseudomonas syringae pv. tomato DC3000 

Pseudomonas syringae is a Gram-negative Ɣ-proteobacteria. Diseases caused by these 

bacteria are devastating and affect important crop species, producing significant economic 

losses worldwide (Mansfield et al., 2012), which is why different aspects involved in 

pathogenicity have been widely studied (Morris et al., 2013). 

Successful infection of P. syringae requires two different lifestyles connected to each other: an 

epiphytic stage upon arrival to the aerial surface of a healthy plant (Figure 9 A and B), and an 

endophytic stage once the bacteria enter the plant apoplast (Figure 9 C). If conditions are 

favourable, especially under high humidity and moderate temperatures, it aggressively 

multiplies (Figure 9 D and E) without causing host cell death until the final part of this stage, 

where it causes the necrosis of infected tissue.  

Many pathovars are strong epiphytes, with high tolerance to ultraviolet light and lack of water, 

but the hard conditions of the plant’s surface, such as nutrient limitation, temperature changes 

and competition with other microbes (Lindow and Brandl, 2003), makes the transition from 

epiphytic to endophytic stage a key factor in infection. 

P. syringae enters the plant apoplast through wounds and natural openings like stomata 

(Melotto et al., 2006), but recognition of PAMPs by the plant triggers the closure of stomata by 

the plant pattern triggered immunity (PTI) mechanism (Melotto et al., 2006; Melotto et al., 

2017). P. syringae presents effector proteins delivered by the T3SS that interfere with the plant 

PTI to reopen the stomata (Jiang et al., 2013; Gimenez-Ibanez et al., 2014). Some pathovars, 

among them PsPto, produce a virulence factor called coronatine: a phytotoxin that resembles 

the active form of the phytohormone Jasmonic acid (JA), jasmonoyl isoleucine (JA-Ile). Given 

its structure similarity to JA-Ile, it binds the plants receptors for JA-Ile (Katsir et al., 2008; 

Melotto et al., 2008) and it triggers its signalling cascade, which produces the stomata opening 

(Zheng et al., 2012). Once inside the plant, other effectors translocated by the T3SS, also 

known as type three effectors (TTE), are involved in the fight against the plant defense system 

(Figure 1.9). P. syringae strains are grouped in pathovars according to host specificity, and 

almost 50 pathovars have been recognized (Xin and He, 2013). The effectors repertoire of 

pathovars is involved in this host specificity, together with genes involved in c-di-GMP 

metabolism, signal transduction, the T2SS and T6SS and transcriptional regulators (Helmann 

et al., 2020; Moreno-Pérez et al., 2020).  

In 1991, Pseudomonas syringae pv. tomato DC3000, a rifampicin-resistance derivative of pv. 

tomato (Cuppels, 1986) was demonstrated to infect not only tomato but also the model plant 

Arabidopsis thaliana (Whalen et al., 1991). This provoked an intense wave of studies of this 

pathovar virulence traits to understand plant-bacteria interaction. 
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Figure 9. Pseudomonas syringae infection cycle. (A and B) Bacteria grow epiphytically on the leaf 

surface of a healthy plant. (C) When conditions are optimal, bacteria enter the apoplast through opened 

stomata. (D and E) Once inside the apoplast it colonizes and multiplies. In the final stages of a successful 

infection symptoms of necrosis and chlorosis appear. Adapted from Xin and He (2013). 

 

The genome of PsPto consists of a circular chromosome and two plasmids, encoding in total 

5763 ORFs. The necessity to overcome changing environments and constant adaptation is 

reflected on the fact that 12% of the genes are involved in regulation. Approximately 300 genes 

are involved in virulence (Buell et al., 2003). From these 300, the most studied are those 

related to the T3SS, TTE and coronatine biosynthesis. In PsPto, almost 30 effectors with 

overlapping functions have been described, which are expressed during different steps of the 

infection process. The role of these effectors is to block the plant defenses and to contribute 

to bacterial growth (Kvitko et al., 2009). In successful infections, during the final stages of 

infection PsPto produces localized necrosis and diffuse chlorosis surrounding the necrotic area 

(Xin and He, 2013). PsPto survives as saprophyte in plant debris, soil and leaf surfaces and is 

dispersed by aerosols and rain. Compared to the other P. syringae pathovars, PsPto is a weak 

epiphyte (Boureau et al., 2002), but once inside the plant it’s highly aggressive (Xin and He, 

2013).  

Information regarding chemotaxis and flagellar motility as virulence traits in P. syringae pv. 

tomato is scarce. PsPto presents chemotaxis to the phytohormone ethylene and plant extracts 

(Cuppels, 1988; Kim et al., 2007) and flagella is involved in bacteria movement towards open 

stomata (Melotto et al., 2006). However, there is no information regarding the chemoreceptors 

involved, nor which chemosensory systems are implicated in the process. Transcriptomic 

analysis show that chemotaxis and flagellar synthesis genes are upregulated in epiphytic cells 

when compared to apoplastic growing cells, reflecting the importance of these traits in the first 

stages of infection (Yu et al., 2013). In addition, the Fur regulon, which is involved in virulence 
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and oxidative stress protection, appears to regulate the expression of one chemoreceptor of 

PsPto (Carpenter et al., 2009). 

Based on sequence similarity with P. aeruginosa and P. putida, PsPto has four major 

chemosensory clusters, which contain the chemotaxis core component genes, and five 

additional minor clusters (Figure 10 A). Cluster I and V are necessary for chemotaxis. Cluster 

II is not involved in chemotaxis and its role has not been determined, though it appears to play 

a role in virulence (Clarke et al., 2016). Cluster III and IV present protein homologues to the 

ACF/Wsp and Tfp chemosensory systems, respectively, of P. aeruginosa, but no experimental 

study has validated it. Besides from cluster V, there is no experimental data regarding the role 

of the other four minor clusters. 

PsPto presents 49 chemoreceptors; 36 show the canonical topology, with a periplasmic LBD 

flanked by two transmembrane (TM) regions, typical for sensing extracellular signals. Among 

them, the large majority of chemoreceptor LBDs present α-helix bundle fold (4HB, HBM, Nit, 

and PilJ), and only a few the PAS-like α/β-fold (sCACHE and dCACHE) (Figure 10 B). Nine 

chemoreceptors possess one or multiple PAS domains of cytosolic location that are likely to 

be involved in the sensing of cytosolic signals, such as the redox state or oxygen (Henry and 

Crosson, 2011). Four other chemoreceptors are membrane bound but lack LBDs, and it is 

hypothesized that they respond to physicochemical stimuli like temperature or osmotic 

pressure. No chemoreceptor of PsPto has been characterized. The lack of information on 

chemoreceptor specificity, chemosensory systems and sensing mechanisms of PsPto 

contrasts with the overwhelming information available on these topics in other Pseudomonas 

like P. aeruginosa or P. putida (Sampedro et al., 2015; Ortega et al., 2017b; Gavira et al., 2018; 

Gavira et al., 2020; Matilla et al., 2021). 
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Figure 10. Chemotaxis clusters and chemoreceptors of P. syringae pv. tomato. (A) Schematic 

representation of the chemotaxis clusters of PsPto (B). Chemoreceptor repertoire. LBDs were annotated 

according to the Pfam database (https://pfam.xfam.org/). “hp” stands for Hypothetical protein. Number 

underneath each receptor indicates the PSPTO_ number. Adapted from Cerna-Vargas et al. (2019). 

https://pfam.xfam.org/
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3.2 Dickeya dadantii 3937 

Dickeya spp. are Gram-negative Ɣ-proteobacteria. These pectinolytic enterobacteria infect 

several monocot and dicot plant families (Ma et al., 2007), including important crops like potato 

(Charkowski et al., 2012) and the model plant Arabidopsis thaliana (Lebeau et al., 2008). Since 

there is no treatment for this disease, the spread of the infection is monitored along different 

phases of the production line: planting, transportation, and storage (Gustafsson et al., 2013). 

Though initially found in warm regions, in the last years Dickeya spp. has spread across the 

world. Climate change and global trade have dispersed this disease to new areas such as 

Europe, where it became the causal agent of disease of seed potato production (Toth et al., 

2011). 

Dickeya’s genus is constituted by 8 species, from which Dickeya dadantii 3937 (Dd3937) strain 

was chosen as the model to study the genus genetics and virulence. This strain was isolated 

from African violet (Saintpaulia ionantha), and infects a wide variety of crops, among them 

potato and A. thaliana (Reverchon et al., 2016). 

Dd3937 can be found in the soil as saprophyte or on the plant surface as epiphyte. Once it 

stablishes contact with the plant, it adheres to the plant surface. For an optimal adhesion, 

Dd3937 produces aggregates on the plant surface composed by cellulose fibrils and EPS, 

which maintain moisture and avoid desiccation (Condemine et al., 1999; Prigent-Combaret et 

al., 2012). To increase plant surface colonization while maintaining the levels of humidity, 

Dd3937 secrete an uncharacterized biosurfactant (Hommais et al., 2008). 

To penetrate the plant tissues, Dd3937 must find an entry point, which can be natural openings 

or wounds. Two studies show the importance of chemotaxis in perception and movement 

towards wounds: In the first study it is shown that mutation of chemotaxis genes of Dd3937 

reduces virulence compared to the wild-type strain when bacteria is inoculated in wounded 

leaves of African violet and A. thaliana (Antúnez-Lamas et al., 2009a). In a subsequent study, 

two chemoreceptors, ABF-20167 and ABF-46680, were proposed as responsible for the strong 

chemoattraction to jasmonic acid and xylose perception, respectively. In addition, mutation of 

these MCPs reduces bacterial entry in A. thaliana (Rio-Alvarez et al., 2015). Jasmonic acid is 

a phytohormone released in response to wounding (León et al., 2001) and xylose is released 

when the plant cell wall is altered (Rennie and Scheller, 2014).  

After entering the plant, bacteria must face an acidic environment. For this reason, Dd3937 

pumps out protons through the respiratory chain and antiport systems, in addition to reinforce 

the cell walls to lower membrane conductance by modifying the membrane lipopolysaccharide 

(LPS). This modified LPS, together with the production of multidrug resistance efflux pumps 

are involved in the resistance to antimicrobial compounds produced by the plant (López-

Solanilla et al., 1998; Maggiorani Valecillos et al., 2006). One of the plant’s defense strategies 

consist on the alkalinization of the apoplast, which reduces iron solubility, an strategy that 

bacteria responds to by secreting siderophores (Franza and Expert, 2013). Since iron can 

produce reactive oxygen species (ROS), Dd3937 produces iron storage protein and 

antioxidant enzymes (Cornelis et al., 2011). During this first asymptomatic phase, bacteria 

assimilate plant simple sugars or small oligosaccharides.  
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At this point, Dd3937 infection is asymptomatic. If it survives plant’s defense mechanisms, 

certain quorum bacteria density is reached and conditions are favourable (e.g., high humidity, 

mild temperatures) bacteria enter the symptomatic phase. This phase is rapid and destructive 

due to the action of cell wall degrading enzymes (CWDE). The set of CWDE of Dd3937 include 

pectinases (or pectate lyases), proteases and cellulases (Reverchon and Nasser, 2013), and 

they act degrading the middle lamella and the plant cell wall, leading to cell wall 

disorganization, cell lysis and the release of cellular content. Maceration of the plant tissue 

releases polysaccharides and other type of energy sources, which serve as nutrient and allows 

a fast increase in population (Hugouvieux-Cotte-Pattat, 2016) (Figure 11). 

 

 

Figure 11. Dickeya dadantii 3937 infection cycle. In the asymptomatic phase, bacteria enter the plant 

and colonizes the apoplast, experiencing acidic and oxidative stress. In the symptomatic phase, bacteria 

experience osmotic stress and the expression of cell wall degrading enzymes (CWDE) produces tissue 

maceration. Shift from the asymptomatic to the symptomatic phase is accompanied with an increase in 

bacterial population (Reverchon et al., 2016). 

 

Dd3937 presents one chemotaxis cluster (Figure 12 A) and 47 chemoreceptors, from which 

44 present transmembrane domains and 3 are cytoplasmic. From these 47, the most common 

LBD are the α-helix bundle structural family represented by TarH (17), 4HB (12), HBM (4) and 

NIT (1) domains. Besides from the 8 receptors with PAS-like α/β-fold and one with FIST 

domain, there are 3 MCPs with unknown LBD and one with no LBD at all (Figure 12 B). 

As stated previously, chemoattraction to jasmonic acid and xylose has been observed, as well 

as to maltose, amino acids serine and aspartate and coronatine (Antúnez-Lamas et al., 2009a, 

b). Based on the loss of chemoattraction of single chemoreceptor mutant strains, JA and xylose 
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perception was assigned to ABF-20167 and ABF-46680, respectively (Rio-Alvarez et al., 

2015).  

Transcriptional analysis of Dd3937 in several media that mimic plant infection conditions, e.g. 

acidic, oxidative and osmotic stress, shows a differential expression of some chemoreceptors 

(Reverchon et al., 2016). The ligand profile and sensing mechanisms of these chemoreceptors 

are unknown. 

 

Figure 12. Chemotaxis cluster and chemoreceptor repertoire of Dickeya dadantii 3937. (A) 

Schematic representation of the chemotaxis cluster of Dd3937. (B) Chemoreceptor repertoire. LBDs 

were annotated according to the Pfam database (https://pfam.xfam.org/). Number underneath each 

receptor indicates the ABF-number. 

 

In phytopathogenic bacteria the role of chemotaxis in bacterial virulence has been assessed, 

but the mechanisms involved in ligand binding and the diversity of chemosensory systems are 

pending tasks in these bacteria. Chemoreceptor’s ligand profile of these bacteria has been 

established based in the loss of chemoperception of mutant strains of chemoreceptors (Matilla 

and Krell, 2018).  

Structure determination of Tar chemoreceptor of E. coli was a fundamental part in the 

discovery of new chemoeffectors, including antagonist that competed with other compounds 

for binding (Bi et al., 2013). The discovery of antagonist that reduce bacterial perception of 

entry sites could be an interesting approach to design interference strategies, but this approach 

requires an extensive knowledge of chemoreceptors sensing mechanism and structure. With 

the exception of chemoreceptors PscA, PscC, PscD and, PscF of P. syringae pv. actinidae 

(McKellar et al., 2015; Brewster et al., 2016; Oulavallickal et al., 2017; Ehrhardt et al., 2021), 

no other chemoreceptor of a phytopathogenic bacteria has been structurally characterized.  

https://pfam.xfam.org/
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There are 19 different types of chemosensory systems in bacteria (Wuichet and Zhulin, 2010). 

In plant-beneficial bacteria that present more than one chemosensory system, not all systems 

are involved in chemotaxis (Scharf et al., 2016). The assignment of chemoreceptors to specific 

systems has been performed in P. aeruginosa and Azospirillum sp. B510 (Ortega et al., 2017b; 

Gumerov et al., 2020), and in bacteria with a high number of chemoreceptors, like 

phytopathogenic bacteria, this assignment could be useful for the design of experiments aimed 

at identifying chemoreceptors that are essential for plant-bacteria interaction and virulence. 

This thesis focuses on the role of chemotaxis in two bacterial models, Pseudomonas syringae 

pv. tomato DC3000 and Dickeya dadantii 3937. The chemosensory systems of these two 

models have been studied and two chemoreceptors, one of each model, have been 

characterized to study its ligand profile, sensing mechanism and role in bacterial virulence.  
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OBJECTIVES 

 

 

Chemotaxis enables the entry of phytopathogenic bacteria into the plant through the 

perception and movement towards plant openings. Information of signals perceived by these 

bacteria, and the chemoreceptors involved, is scarce. To increase the knowledge regarding 

chemosensory systems and the chemoreceptors involved in virulence of the phytopathogenic 

bacteria Pseudomonas syringae pv. tomato DC3000 and Dickeya dadantii 3937, we have 

pursued the following objectives: 

 

1. Assignment of chemoreceptors to specific chemosensory systems in Pseudomonas 

syringae pv. tomato DC3000 and Dickeya dadantii 3937. 

 

2. Biochemical characterization of chemoreceptor PsPto-PscA of Pseudomonas syringae 

pv. tomato DC3000 and analysis of its role in virulence. 

 

3. Characterization of the role of chemoreceptor ABF-20167 of Dickeya dadantii 3937 in 

jasmonic acid perception and virulence. 
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MATERIAL AND METHODS 
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1. Microbiology methods 

1.1 Bacterial strains, culture media and growth conditions.  
 
Bacterial strains and plasmids used in this work are listed in Table 1. Pseudomonas syringae 

pv. tomato DC3000, Dickeya dadantii 3937 and their derivative strains were grown at 28°C in 

KB (King’s B) medium (King et al., 1954). E. coli derivatives were grown at 37°C in LB medium 

(Bertani, 1951). When appropriate, the following antibiotics were added to the medium at the 

following concentrations: rifampicin at 25 µg/ml, streptomycin at 50 µg/ml, kanamycin at 25 

µg/ml, ampicillin at 100 µg/ml, chloramphenicol at 10 µg/ml and gentamicin at 5 µg/ml. 

Bacterial growth was monitored based on optical density measured at 600 nm (OD600) using a 

Jenway 6300 spectrophotometer. 

 

1.2 Growth experiments and toxicity assay 
 
Carbon and nitrogen utilization assays were performed as described by Rico and Preston 

(2008). Briefly, a 1.5 mL aliquot of overnight-grown bacteria was washed twice with KB and 

resuspended in 2 mL KB. After 2 h incubation with shaking at 28ºC, cells were centrifuged and 

resuspended in two-fold M9 media that lacked either ammonium chloride or glucose to a final 

OD600 of 0.28. Then, 75 µL aliquots were inoculated into microplate wells containing 75 µL of 

10 or 20 mM of the compound to test along with blank controls (M9 without bacteria) and 

positive control (carbon and nitrogen sources were present in the media). The OD600 was 

measured over 24 h in a microplate spectrophotometer.  

For D-Asp toxicity assays, bacteria were centrifuged and resuspended in M9 supplemented 

with glucose 0.4% or KB to a final OD600 of 0.28 and D-Asp was added to final concentrations 

of 0.5, 1- and 5-mM. The OD600 was measured over 24 h in a microplate spectrophotometer. 

 

1.3 Chemotaxis assays 

 

For capillary assays, cultures grown overnight were diluted to an OD600 of 0.05 in KB buffer 

and grown at 28°C with orbital shaking. At the early stationary phase of growth, cultures were 

centrifuged at 1,750 x g for 5 min, and the resulting pellet was washed twice with 10 mM 

HEPES for PsPto and MMA for Dd3937, pH 7.0 for both buffers. Cells were resuspended in 

HEPES or MMA and adjusted to an OD600 of 0.25. Next, 230-µL samples were placed into 

each well of a 96-well plate. One-microliter capillaries were heat-sealed at one end and filled 

with the compound to be tested. Capillaries were immersed into the bacterial suspension and 

incubated for 30 min. Capillaries were removed from the bacterial suspension and rinsed with 

sterile water, and the content was expelled into 1 mL of NB medium (1 g/L yeast extract, 2 g/L 

beef extract, 5 g/L NaCl, and 5 g/L Bactopeptone). Serial dilutions were plated onto NB medium 

with the appropriate antibiotics, and the number of CFU was determined. In all cases, data 

were corrected by subtracting the number of cells that swam into buffer-containing capillaries. 
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1.4 Biofilm formation 

Biofilm formation assays were performed as described previously by Chakravarthy et al. 

(2017), with a modified MG liquid medium named MGA (54 mM mannitol, 3.6 mM KH2PO4, 23 

mM NaCl, 0.8 mM MgSO4, 18mM NH4Cl, pH 7.0). Overnight cultures were washed three times 

in MGA liquid medium supplemented with 2 mM CaCl2 and adjusted to final OD600 = 0.02. 100 

µL of bacterial suspensions, supplemented with the amino acid (1 mM L-Asp, L-Glu and L-Arg 

and 0.5 mM D-Asp) when corresponding, were added to 96-well plates and incubated at 28 °C 

for 24 h. After 24 h, planktonic cells were removed from the wells and were gently washed 3 

times with distilled water. 150 µL of 0.1% (w/v) crystal violet stain was added to each well and 

incubated for 30 min. After three gentle washes with distilled water, stained biofilms were 

resuspended in 30% (v/v) acetic acid. The A570 was recorded for each well and the average 

and standard deviation for technical replicates were computed. 

 

1.5 Swarming motility assays 

P. syringae pv. tomato strains were grown at 28°C for 24 h on KB agar. Cells were 

resuspended in KB medium to an OD600 of 1. Five microliters of the bacterial suspension were 

spotted onto soft KB agar (0.5% (w/v) agar) and plates were incubated for 16 h at 28°C at 80% 

relative humidity (RH) under dark conditions. Swarm colonies were photographed, and the 

surface area of each colony was quantified using the area selection tool of Adobe Photoshop 

software with readings in pixels. 

 

1.6 Colony-based c-di-GMP reporter assays 

Fluorescence intensity analyses using the c-di-GMP biosensor pCdrA::gfpS were carried out 

according to methods described previously by Corral-Lugo et al. (2016) with slight 

modifications. PsPto wild-type, PsPto-pscA and PsPto-pscA-Comp strains were transformed 

with the reporter plasmid pCdrA::gfpS by electroporation according to Choi et al. (2006). 

Overnight bacterial cultures of the strains grown in M9 minimal medium (supplemented with 

0.1 mM CaCl2, 2 mM MgSO4, 0.2% (w/v) citrate and 1 mM amino acid when corresponding) 

were adjusted to an OD600 of 0.05 and 20 µL drops were spotted on M9 agar plates 

supplemented with 1 mM of each amino acid separately containing the appropriate antibiotics. 

After 24 h incubation at 28°C, colony morphology and fluorescence intensity were analyzed in 

a Leica MZ10F stereo microscope (Leica Microsystems, Wetzlar, Germany). Fluorescence 

was visualized employing a GFP filter set (emission/excitation filter 510/460 nm). Pictures were 

taken using Leica Application Suite software V4.3. Fluorescence was quantified as the 

corrected total cell fluorescence and expressed as A.U. (arbitrary Units) measured using 

ImageJ, specifically the Fiji distribution (Schindelin et al., 2012). 
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2. Molecular biology and biochemistry methods 

Plasmids and primers used in this work are listed in Table 1 and Table 2, respectively. 

 

2.1 Plasmid construction for LBD overexpression 

Plasmid DNA was isolated using a NucleoSpin Plasmid Kit (Macherey-Nagel, Düren, 

Germany). DNA restriction, dephosphorylation, ligation, competent cells transformations and 

electrophoresis were performed using standard protocols (Sambrook, 2001) and  manufacturer 

instructions. DNA fragments were recovered from agarose gels using the GenJet Gel 

Extraction Kit (Thermo Scientific, Waltham, Massachusetts). PrimeSTAR HS DNA polymerase 

(Takara Bio Inc., Kusatsu, Japan) was used for the amplification of DNA fragments.  

The DNA fragment encoding PSPTO_2480 LBD was amplified by PCR using primers 

2480LBDFw and 2480LBDRv, and the resulting PCR fragment was cloned into 

pENTR™/SD/D-TOPO vector using the Gateway TOPO cloning kit (Invitrogen, CA, USA). 

Positive colonies were confirmed by sequencing. This DNA construct was used to generate 

the expression clone through recombination with the pDEST™17 expression vector using the 

LR clonase™ II Enzyme Mix (Invitrogen, CA, USA). The resulting plasmid p2480-LBD was 

verified by PCR, restriction analysis and sequencing prior to E. coli BL21 (DE3) transformation. 

Codon-optimized DNA fragment encoding ABF-20167 LBD cloned in the expression plasmid 

pET28b, p20167-LBD, was purchased from Genescript and E. coli BL21(DE3) was 

transformed with this plasmid. 

 

2.2 Construction of mutant strains   

To generate the PsPto-pscA mutant strain, an internal 484-pb fragment of PSPTO_2480 

(nucleotides 72-556 of the coding sequence) was amplified by PCR using primers 

2480XmaIFw and 2480XmaIRv. To generate the PsPto-cheA2 mutant strain, an internal 751-

pb fragment of PSPTO_1982 (nucleotides 125-876 of the coding sequence) was amplified by 

PCR using primers 1982XmaIFw and 1982XmaIRv. All primers contained XmaI restriction 

sites. The PCR products were cloned into pGEM-T easy vectors and E. coli DH5α was 

transformed with the plasmids. Positive colonies were digested with XmaI and the inserts were 

cloned into pKOSac101. PsPto was transformed with the resulting plasmids, pKOSac101-2480 

and pKOSac101-1982 by electroporation according to Choi et al. (2006). Plasmid integration 

was confirmed by PCR. ABF-20167 mutant strain abf-20167 had been previously obtained 

(Rio-Alvarez et al., 2015).  

 

2.3 Construction of complemented mutants 

To complement the PsPto-pscA mutation, the pspto_2480 gene, including the 200-bp 

upstream sequence, was amplified using primers 2480CompFw and 2480CompRv, both 

containing an EcoRI restriction site. The PCR product was cloned into the EcoRI site of 

pBBR1MCS-2 (Kovach et al., 1995). The resulting plasmid, pBBR1MCS-2-2480 was verified 

by DNA sequencing. PsPto_pscA mutant strain was transformed with this plasmid by 
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electroporation according to Choi et al. (2006), generating the complemented strain PsPto-

pscA-Comp. 

 

2.4 Construction of chemoreceptor chimeras 

Chemoreceptor chimeras consist of a fragment of the foreign chemoreceptor fused to a 

fragment of Tar chemoreceptor.  

For ABF-20167, three chimeras were built. Chimera A contains residues 1-196 of ABF-20167 

fused with residues 198-553 of Tar. Chimera B residues 1-242 of ABF-20167 fused with 

residues 257-553 of Tar. Chimera C residues 1-264 of ABF-20167 fused with residues 265-

553 of Tar. Fragments corresponding to the ABF-20167 region were amplified using the 

following primer pairs: 20167-FRETFw/ 20167-A-FRETRv, 20167-FRETFw/20167-B-FRETRv 

and 20167-FRETFw/20167-C-FRETRv for chimeras A, B and C, respectively. Fragments 

corresponding to the Tar region were amplified using the following primer pairs: 20167-A-Tar-

FRETFw/Tar-FRETrv-U, 20167-B-Tar-FRETFw/Tar-FRETrv-U, 20167-C-Tar-FRETFw/Tar-

FRETrv-U for chimeras A, B and C, respectively.  

Chimera of PsPto-PscA (PSPTO_2480) contains residues 1-352 of PSPTO_2480 fused with 

residues 267-553 of Tar. Fragments corresponding to PSPTO_2480 were amplified using the 

primer pairs 2480FRETFw/2480FRETRv, and fragments corresponding to Tar with the primer 

pairs 2480-Tar-FRETFw/Tar-FRETrv-U.  

Amplified fragments corresponding to each chimera were assembled and cloned in vector 

pKG116 generating plasmids pKG116-20167A, pKG116-20167B, pKG116-20167C and 

pKG116-2480. This assembly was performed using GIBSON kit (New England Biolab, MA, 

USA) according to manufacturer instructions. Briefly, both fragments and the previously 

digested vector pKG116 were mixed at a 1:3 vector:fragment ratio together with GIBSON 

master mix at 50ºC for 15 minutes. An aliquot of this mix was used to transform E. coli DH5α. 

Positive colonies were confirmed by PCR and sequencing. 

For FRET assays, E. coli strain VS181 (Sourjik and Berg, 2004), which lacks chemoreceptors 

and cheY and cheZ, was transformed with the chimera-containing plasmids along with the 

pVS88 plasmid. This plasmid expresses CheY-YFP and CheZ-CFP in trans when Isopropyl β-

D-1-thiogalactopyranoside (IPTG) is added to the culture (Sourjik and Berg, 2004). 

 

2.5 RNA extraction from bacterial cultures 

Determination of gene expression in the presence of JA was performed as described by 

Antúnez-Lamas et al. (2009b). Briefly, cultures grown overnight were diluted to an OD600 of 

0.05 and grown at 28°C with orbital shaking to an OD600 of 0.6. At this point, the culture was 

treated for 20 min with 1 mM jasmonic acid and the control with ethanol (the dissolvent of 

jasmonic acid). Three independent biological replicates were performed for each experiment. 

Total RNA was extracted by using TRI Reagent solution (Invitrogen, ThermoFisher Scientific) 

as recommended by the manufacturer. The purification was accomplished by using the High 

Pure RNA Isolation Kit from Roche, following the manufacturer’s recommendations. RNA 
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samples were quantified using a NanoDrop ND1000 spectrophotometer (NanoDrop 

Technologies, Inc., Wilmington, DE, USA). 

 

2.6 Reverse transcription quantitative PCR (RT-qPCR) 

Total RNA isolated was converted to cDNA using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA, USA). Primers were designed to 

amplify fragments of approximately 100 bp (Table 2) and rpoS gene was used as an internal 

control for normalization. Reverse transcription quantitative PCR amplifications were carried 

out on an ABI PRISM 7300 RT PCR System (Applied Biosystems) using a SYBR Green PCR 

Master Mix (Applied Biosystems). Thermal cycling conditions were as follows: one cycle at 

95°C for 10 min; 50 cycles at 95°C for 15 s and 62°C for 1 min; and a final cycle at 95°C for 

15 s, 60°C for 1 min, 95°C for 15 s and 60°C for 15 s. The relative gene expression ratio was 

calculated using the comparative critical threshold (∆∆Ct) method (Pfaffl, 2001; Rotenberg et 

al., 2006).  

 

2.7 Overexpression and purification of LBDs 

For PsPto-PscA-LBD, E. coli BL21(DE3) strain containing the expression plasmid was grown 

in 2-liter Erlenmeyer flasks containing 400 mL LB medium supplemented with the proper 

antibiotic at 30°C. Once the culture reached an optical density at 600 nm (OD600) of 0.5, protein 

overexpression was induced by the addition of IPTG. Growth was then continued at 18°C 

overnight prior to cell harvest by centrifugation at 6,000 x g for 20 min at 4°C. Cell pellets were 

resuspended in buffer A (30 mM Tris-HCl, 300 mM NaCl, 10 mM imidazole, 10% glycerol (v/v) 

pH 8.0) and broken by French press treatment at a gauge pressure of 62.5 lb/in2. After 

centrifugation at 20,000 x g for 1 h, the supernatant was loaded onto a 5-mL HisTrap column 

(Amersham Biosciences) previously equilibrated with 5 column volumes of buffer A, washed 

with buffer A containing 20 mM imidazole, and eluted with a linear gradient of 20 to 500 mM 

imidazole in buffer A. Protein-containing fractions were pooled and dialyzed for immediate 

analysis into HNG buffer (50 mM HEPES, 300 mM NaCl, 10% glycerol (v/v), pH 8.0).  

For ABF-20167-LBD, the same procedure was performed with slight modifications: overnight 

growth of bacterial culture was performed at 16ºC; buffer A composition was 30 mM Tris-HCl, 

300 mM NaCl, 10 mM imidazole, pH 7.5 and protein-containing fractions were pooled and 

dialyzed for immediate analysis into TPM buffer (5 mM Tris-HCl, 5 mM PIPES, 5 mM MES, pH 

7.5).  

 

2.8 Thermal shift assay-based high-throughput ligand screening 

Thermal shift assays were performed on a Bio-Rad MyIQ2 real-time PCR instrument. Ligands 

from the compound array (Biolog, Hayward, CA, USA) were dissolved in 50 µL of Milli-Q water, 

which, according to the manufacturer, corresponds to a concentration of 10 to 20 mM. 

Screening was performed using 96-well plates. Assay mixtures (25 µL) contained protein 

dialyzed, SYPRO orange (Life Technologies) at a 5X concentration, and ligands at final 
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concentrations of 1 to 2 mM. In a single well (ligand-free protein), the compound was replaced 

by water. Samples were heated from 23°C to 85°C at a scan rate of 1°C/min. The protein 

unfolding curves were obtained by monitoring the changes in SYPRO orange fluorescence. 

Melting temperatures were determined using the first derivative values from the raw 

fluorescence data. 

 

2.9 Isothermal titration calorimetry binding studies 

Experiments were conducted on a VP microcalorimeter (MicroCal, Amherst, MA, USA) at 

25°C. Recombinant protein PsPto-PscA-LBD was dialyzed overnight against HNG buffer, 

adjusted to a concentration of 15 µM and placed into the sample cell of the instrument. The 

protein was titrated by the injection of 8-µL aliquots of 0.5 to 1 mM ligand solutions that were 

prepared in the dialysis buffer immediately before use. The mean enthalpies measured from 

the injection of ligands into buffer were subtracted from raw titration data prior to data analysis 

with the MicroCal version of ORIGIN. Data were fitted with the “one-binding-site” model. 

Thermodynamic parameters provided are means and standard deviation from three 

independent experiments. 

Recombinant protein 20167-LBD was dialyzed overnight against TPM buffer, adjusted to a 

concentration of 75 µM and placed into the sample cell of the instrument. The protein was 

titrated by the injection of 9.6 µL aliquots of 0.25 mM of coronatine and 0.5 mM of JA solutions 

that were prepared in the dialysis buffer immediately before use. The mean enthalpies 

measured from the injection of ligands into buffer were subtracted from raw titration data prior 

to data analysis with the MicroCal version of ORIGIN. Data were fitted with the “one-binding-

site” model. 

 

2.10 FRET assays 

Fluorescence resonance energy transfer measurements were performed as previously 

described (Bi et al., 2016; Reyes-Darias et al., 2015a) using a custom modified Zeiss Axiovert 

200 or Axio Imager Z1 fluorescence microscopes. Cells were harvested by centrifugation 

(3200 x g for 5 min), washed once with 10 mL tethering buffer (10 mM KPO4, 0.1 mM EDTA, 

1 μM methionine, 10 mM lactic acid, pH 7.0), resuspended in 9 mL of tethering buffer and 

stored at 4°C. Cells were attached to a poly-lysine-coated coverslip and placed into a flow 

chamber that was maintained under a constant flow (0.4 mL/min) of tethering buffer using a 

syringe pump. Cells were allowed to adapt in the tethering buffer for at least 10 min and 

subsequently stimulated with different concentrations of chemoeffectors in the tethering buffer. 

The sample was excited at 436/20 nm by a 120W EXFO X-Cite® 120 (Axio Imager.Z1) or a 

75W Xenon lamp (Axiovert 200) that were attenuated 500-fold or 550-fold, respectively, with 

neutral density filters. Fluorescence of a monolayer of 300–500 cells was continuously 

recorded in the cyan and yellow channels using photon counters with a 1.0 s integration time. 

Interaction between CheY-YFP and CheZ-CFP and energy transfer from CFP to YFP decrease 

upon stimulation. As a result, CFP fluorescence is enhanced whereas YFP fluorescence is 

attenuated. The value of FRET has been defined as the fractional change in CFP fluorescence, 
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ΔC/C0, where ΔC is a decrease in the CFP signal due to energy transfer and C0 is the signal 

in the absence of FRET (Sourjik and Berg, 2002a, b). Therefore, FRET was calculated from 

changes in this ratio as: FRET = ΔC C0 = ΔR [α +R0 + ΔR], where ΔR is the change in ratio 

due to energy transfer, R0 = Y0/C0 is the ratio in the absence of FRET andα = |ΔY/ΔC| is the 

absolute value of the ratio of changes in the fluorescence signal in YFP and CFP channels 

due to energy transfer. α depends upon quantum yields of YFP and CFP, on properties of the 

channels (emission filters and dichroic mirrors) used for detection of YFP and CFP 

fluorescence and upon the sensitivity of the detectors. Values of ΔR and of R0 were measured 

in each experiment; the value of α is constant for any given set-up and has to be determined 

previously (Sourjik et al., 2007). EC50 values were calculated with the AAT Bioquest, Inc. Quest 

Graph™ EC50 Calculator (https://www.aatbio.com/tools/ec50-calculator).  

 

3. Phytopathology methods 

3.1 Tomato virulence assays 

P. syringae pv. tomato strains were grown at 28°C for 24 h on KB agar in darkness. Cells were 

resuspended in 10 mM MgCl2 and adjusted to 108 CFU/mL. Three-week-old tomato plants 

(Solanum lycopersicum cv. Moneymaker) were sprayed with the bacterial suspension. Silwet 

L-77 was added to the bacterial suspensions at a final concentration of 0.02% (vol/vol). When 

required, amino acids were added to a final concentration of 1 mM. Plants were incubated in 

a growth chamber at 25°C at 60% RH with a daily light period of 12 h. Six days after inoculation, 

the leaf symptoms were recorded, and bacterial populations from three plants were measured 

by sampling five 1-cm-diameter leaf disks per plant. Three independent biological replicates 

were performed. In each replicate three plants were used, and five independent leaves were 

sampled from each plant. The infected leaf disks were washed twice with 10 mM MgCl2 prior 

to homogenization to eliminate the bacteria from the leaf surface. Plant material was 

homogenized in 10 mM MgCl2 and drop plated onto KB agar supplemented with the 

appropriate antibiotics. The average number of bacteria per square centimetre isolated from 

five infected tomato leaves was determined based on log-transformed data.  

 

3.2 Potato entry assays 

The day before the experiment, wild-type potato plants (Solanum tuberosum cv. Desirée) and 

the transgenic lines CoAOS1/2B and CoAOS1/2A (Taurino et al., 2014) were placed in a 

growth chamber at 28ºC, 80% RH with a daily light period of 12 h. Dickeya dadantii 3937 

strains were grown at 28°C for 24 h on KB agar in darkness and cells were resuspended in 10 

mM MgCl2. Plant leaves were wounded using a needle and 30 min later 107 CFU/mL of 

bacteria were inoculated on the wounds. After 20 minutes, leaves were collected by sampling 

1-cm diameter disk centred in each wound, washed with 10 mM MgCl2 and drop plated onto 

KB agar supplemented with the proper antibiotic. Three independent biological replicates were 

performed. In each replicate three plants were used, and five independent leaves were 

sampled from each plant. Viable cell counts per leaf from five infected leaves were determined 

by serial dilution and plating. 

https://www.aatbio.com/tools/ec50-calculator
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3.3 Arabidopsis thaliana entry assays  

The day before the experiment, 4-week-old wild-type A. thaliana and aos1 (Park et al., 2002) 

transgenic line were placed in a growth chamber at 21ºC, 60% RH and a short-day 

photoperiod. Dickeya dadantii 3937 strains were grown at 28°C for 24 h on KB agar in darkness 

and cells were resuspended in 10 mM MgCl2. Plant leaves were wounded using a needle and 

30 min later 107 CFU/mL of bacteria were inoculated on the wounds. After 30 minutes of 

incubation at 28°C and 80% relative humidity, the leaves were recollected, washed with 10 

mM MgCl2 and drop plated onto KB agar supplemented with the proper antibiotic. Three 

independent biological replicates were performed. In each replicate three plants were used, 

and three independent leaves were sampled from each plant. Viable cell counts per leaf from 

three infected leaves were determined by serial dilution and plating. 

 

4. Bioinformatics approaches 

4.1 Identification and classification of MCP signal domains 

The search for the MCP signal domains (PF00015) was performed using an ad hoc pipeline 

as described previously by Rio-Alvarez et al. (2015). Transmembrane domains were identified 

individually using the TMHMM server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) and the 

DAS transmembrane region prediction algorithm (Cserzö et al., 1997). Each MCP was 

analysed for Pfam matches (https://pfam.xfam.org/) and categorized according to its LBD. 

LBDs were considered the domains different from the MCP signal (PF00015) and HAMP 

(PF00672) domains by PFAM.  

 

4.2 Chemosensory pathways assignment 

The data regarding the chemosensory systems of D. dadanti 3937 and P. syringae pv. tomato 

DC3000 and their chemoreceptors class were retrieved from the MIST database 

(https://mistdb.com/). The rationale following chemoreceptors assignment to specific 

chemosensory systems is explained in Results section 3.1. 

 

4.3 Determination of C-terminal pentapeptides 

Chemoreceptors with C-terminal pentapeptides sequence were determined according to the 

criteria established by Perez and Stock (2007). Briefly, a C-terminal pentapeptide is any 

sequence in the C-terminal region with the sequence xZxxZ, where x is any residue and Z is 

either F, W or Y. Sequence logo was generated by Weblogo 

(https://weblogo.berkeley.edu/logo.cgi). 

 

 

 

https://mistdb.com/
https://weblogo.berkeley.edu/logo.cgi
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5. Statistical analysis 

Normality was determined using Shapiro-Wilk test using the statistical software Statgraphics 

Centurion 18 (Statgraphics Technologies, Inc., The Plains, Virginia). Variables that followed a 

normal distribution and presented equal variances were compared using one-way analysis of 

variance (ANOVA) followed by Fisher’s least significant difference (LSD) post hoc test for 

multiple comparisons. Variables that presented different variances were compared using 

generalized linear models (GzlMs). Analyses were performed using the statistical software 

package SPSS 22.0 (SPSS Inc., Chicago, IL, US0041). 
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Table 1. Bacteria and plasmids used 

Strains and 
plasmids 

Relevant characteristics Reference or 
source 

E. coli   

CC118λpir Spr, ∆(ara-leu) araD ∆lacX74 galE galK phoA20 thi-1 Herrero et al. (1990) 

 rps rpoB argE recA1 lysogenized with λpir phage  

DH5α supE44 lacU169 (Ø80lacZΔ M15) hsdR17 (rk-mk-) Hanahan (1983) 

 recA1 endA1 gyrA96 thi-1 relA1  

BL21 (DE3) F−, ompI, hsdSB (rB-mB-) gal, dam, met 
Studier and Moffatt 
(1986) 

VS181 Δtsr-7028 Δ(tar-tap)5201Δtrg-100 Δaer-1 Δ(cheY-cheZ) Sourjik and Berg (2004) 

FRET-2480 VS181 strain containing pKG116-24480 plasmid. This thesis 

FRET-20167-A VS181 strain containing pKG116-20167A plasmid This thesis 

FRET-20167-B VS181 strain containing pKG116-20167B plasmid This thesis 

FRET-20167-C VS181 strain containing pKG116-20167C plasmid This thesis 

P. syringae pv. tomato DC3000 
 
 
 
 

PsPto Rifr, wild type Cuppels (1986) 

PsPto-pscA pKOSac101-2480 Smr derivative of PsPto This thesis 

PsPto-pscA-Comp pBBR1-MCS2-2480 derivative of 2480, Kmr, Kmr This thesis 

PsPto-cheA2 pKOSac101-1982 Smr derivative of PsPto This thesis 

WT-GFP pCdrA::gfps derivative of PsPto, Apr, Gmr This thesis 

PsPto-pscA-GFP pCdrA::gfps derivative of PsPto-pscA, Smr, Apr, Gmr This thesis 

PsPto-pscA-Comp-  
   GFP 

pCdrA::gfps derivative of PsPto-i-Comp, Smr, Kmr, Apr, Gmr This thesis 

PsPto-cheA2-GFP pCdrA::gfps derivative of PsPto-cheA2, Smr, Apr, Gmr This thesis 

Dickeya dadantii 3937 

Dd3937 Wild type 
Kotoujansky et al. 
(1985) 

abf-20167 20167::pKNG101 Smr derivative of 3937 Rio-Alvarez et al. (2015) 

Plasmids   

pGEM-T easy®  Apr Invitrogen 

pGEM-T easy-2480 
pGEM-T easy harboring a 501-bp PCR fragment of PSPTO_2480 cloned at 

XmaI sites, Apr 
This thesis 

pGEM-T easy-1982 
pGEM-T easy harboring a 751-bp PCR fragment of PSPTO_1982 cloned at 

XmaI sites, Apr 
This thesis 

pKOSac101 pKNG101 harboring an 144-bp internal deletion of sacB; Smr; oriR6K mob 
This thesis. Cerna-
Vargas et al. (2019) 

   

pKOSac101-2480 
pKOSac101 harboring a 501-bp PCR fragment of PSPTO_2480 cloned at 

XmaI sites, Smr 

This thesis 
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Table 2.1. (cont)  

  

Strains and  
plasmids 

Relevant characteristics 
Reference or 

source 

Plasmids   

  pKOSac101-1982 
pKOSac101 harboring a 751-bp PCR fragment of PSPTO_1982 cloned at 

XmaI sites, Smr 
This thesis 

   

  pENTRTM/SD-TOPO  Entry vector for Gateway cloning, Kmr Invitrogen, CA, USA 

  pENTRTM/SD-TOPO- 
  2480 

pENTRTM/SD-TOPO-2480 harboring LBD of PSPTO_2480, Kmr This thesis 

  pDESTTM17 N-terminal His-tagged protein expression vector, Apr Invitrogen, CA, USA 

  p2480-LBD 
pDESTTM17 harboring PSPTO_2480-LBD, Apr 

This thesis 

  pET28b 
N-terminal His-tagged protein expression vector, Kmr 

Novagen, CA, USA 

  p20167-LBD 
pET28b harboring codon-optimized nucleotide sequence of abf-20167-LBD, 

Kmr Genescript, USA 

  pBBR1MCS-2 
oriRK2 mobRK2, Kmr 

Kovach et al. (1995) 

  pBBR1MCS-2-2480 
pBBR1MCS2 harboring a 2.1-kb PCR fragment containing the PSPTO_2480 

gene and its promoter region Kmr 
This thesis 

  pCdrA::gfpS 

  
   
 

pUCP22Not-PcdrA-RBS-CDS-RNaseIII-gfp(Mut3)-T0-T1, Apr, Gmr 

 
Rybtke et al. (2012) 

  pKG116 
pACYC184 ori, cmr 

 
Burón-Barral et al. 
(2006) 

   
  pVS1092 pKG116 harboring chermoreceptor Tar, cmr Yang and Sourjik (2012) 

  pKG116-2480 
 

pKG116 harboring PsPto2480-Tar chimera 
 

This thesis 

  pKG116-20167A 
pKG116 harboring ABF20167-Tar chimera A 

 
This thesis 

  pKG116-20167B 
pKG116 harboring ABF20167-Tar chimera B 

 
This thesis 

  pKG116-20167C pKG116 harboring ABF20167-Tar chimera C This thesis 

      
Sp: spectinomycin, Rf: rifampicin, Sm: streptomycin, Km: kanamycin, Ap: ampicillin, Gm: gentamicin, Cm: chloamphenicol 
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Table 2. Primers used 

Primer name Sequence Use In bold/observations 

2480LBDFw 5´-CACCGACTATCGACAACGTCAG-3´ 
Cloning of LBD in 

expression vector 

Sequence for directional 

cloning 
2480LBDRv 5´-TTAGGCCGAGGTGCGGAACTCG-3´ 

2480XmaIFw 5´-AACCCGGGGTATTTATTGTCATC-3´ 

Mutant 

construction 

XmaI site 

2480XmaIRv 5´-TTCCCGGGGAGTTGATGATTTTG-3´ XmaI site 

1982XmaIFw 5’-AACCCGGGATGCAATTTTTCGCGGTT-3’ XmaI site 

1982XmaIRv 5’-TTCCCGGGCAGGTTTTCGAATTCGT-3’ XmaI site 

2480CompFw 
5´-AAGAATTCGGGTCTCACGTGTCGAAA 

A-3´ Mutant 

complementation 

EcoRI site 

2480CompRv 5´-TTGAATTCTTCTGGATGCTCTGCGTC-3´ HindIII site 

20167-FRET-Fw 

 

5’-GCCATAAGGAGTACCATATGAATGTATG 

GACTGTTAAAAAAAAGCT-3’ 

Chimera 

construction 

pKG116-overlapping 

sequence 

20167-A-FRETRv 

 

5’-TCGCGGACATGGGTGACAATCCCTGAC 

AGA-3’ 
Tar-overlapping sequence 

20167-A-Tar-

FRETFw 

5’-AACTGCAAGAGATGCAACGCTCTTTGAC 

TGA-3’ 

ABF-20167-overlapping 

sequence 

20167-B-FRETRv 

 

5’-AGTGACGGTGTCAGTCAAAGACGACTGC 

ATCTCTTGCA-3’ 
Tar-overlapping sequence 

20167-B-Tar-

FRETFw 

5’-AAGAGATGCAGTCGTCTTTGACTGACAC 

CGTCACTCA-3’ 

ABF-20167-overlapping 

sequence 

20167-C-FRETRv 

 

5’-GAGCGTTGCATCTCTTGCAGTTGGGCG 

AG-3’ 
Tar-overlapping sequence 

20167-C-Tar-

FRETFw 

5’- GGATTGTCACCCATGTCCGCGAAGGTT 

CAG-3’ 

ABF-20167 overlapping 

sequence 

2480FRETFw 
5’-GCCATAAGGAGTACCATATGAAAAATCT 

GGGCTTCAGCAAGAAA-3’ 

pKG116-overlapping 

sequence 

2480FRETFw 
5’-CATGTCCGCGAGCGAATCGAGGTGTGA 

ATACG-3’ 
Tar-overlapping sequence 

2480-Tar-FRETFw 
5’-CCTCGATTCGCCATGTCCGCGAAGGTTC 

AGAT-3’ 

PSPTO_2480-overlapping 

sequence 

Tar-FRETRv-U 
5’-CGTTACTTATTTATCCGCGGATCCTCAAA 

ATGTTTCCCAGTTTGGAT-3’ 

pKG116 overlapping 

sequence 

qABF-15971Fw 

qABF-15971Rv 

5'-GGTCGACGGCAACTTTAAGGA-3' 

5'-TTGCCTTTGTACACCACGCTG-3' 

 

RT-qPCR 

emrA 

qABF-15649Fw  

qABF-15649Rv 

5’-TTGTTCTACGCTATCCCGCC-3’ 

5’-CTGTCCGCTTCTTTCAGGGT-3’ 
csrD 

qABF-16533Fw   

qABF-16533Rv                 

5'-CAAAATCCTGTTCGGCGAAG-3' 

5'-GCCGTTTTTCTTGATGCTGC-3' 
yqhD 

qABF-16928Fw 

qABF-16928Rv 

5’-TTACGAGTCAACCGGCAACA-3’ 

5’-AGAAAGCGTGAGGGTAAGCC-3’ 
rsmB 

qABF-17293Fw 

qABF-17293Rv 

5’-TCAAGGAAATTCTGTCGGCG-3’ 

5’-TTCCAGGATATGAGCCCGTTC-3’ 
gyrA 

qABF-17295Fw 

qABF-17295Rv 

5’-ATTACGGCCAATGACGGGTT-3’ 

5’-CATGTTGACGTCGGTCAGGA-3’ 
rcsC 

qABF-17346Fw 

qABF-17346Rv 

5’-ACCCGACCATTGAAAATCTGC-3’ 

5’-CGATAGCGCGGTGTTTGTTT-3’ 
hybO 

qABF-17361Fw 

qABF-17361Rv 

5’-ACGTGATTGACCCGATCGAGT-3’ 

5’-CTCTTCCAGAATGAATCCACAGGA-3’ 
hype 

qABF-18104Fw 

qABF-18104Rv 

5'-GTTCCTTTCTCGCTGCTCGAT-3' 

5'-CATTTTTCCGTGTGCTGCG-3' 
yhbW 
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Table 2.2. (cont) 

Primer name Sequence Use In bold/observations 

qABF-18749Fw 

qABF-18749Rv 

5'-GCAGAGCGTGCATTGAGTTG-3'  

5'-CCAGCGAACCTTCAGGGATT-3'   

RT-qPCR 

cheZ 

qABF-18754Fw 

qABF-18754Rv 

5'-GACCCAACAGAATGCTTCGC-3' 

5'-GATTCAGCACCCGAACCTCG-3' 
mcp 

qABF-18757Fw 

qABF-18757Rv 

5'-TTACAAAACCGCGCAAGAGC-3'  

5'-TTGGACTCCAGAGCAAGCTG-3'   
cheA 

qABF-18914Fw 

qABF-18914Rv 

5'-CGGCTTTCCGACCTTGATCT-3'   

5'-GCATATCCGCGGTATCTTCGT-3'  
dps 

qABF-19643Fw 

qABF-19643Rv 

5'-ACGGCTCGTCAACCACTAAG-3' 

5'-AAGGAATCGCGCTGGTGTAA-3' 
pelA 

qABF-19648Fw 

qABF-19948Rv 

5’-ACGGCTCGTCAACCACTAAG-3’ 

5’-GCCAGGCTACTTGTCATGGT-3’ 
pelD 

qABF-19948Fw 

qABF-19948Rv 

5’-GCATCAGGACGTATGGCGTA-3’ 

5’-AGCCGATACCCAGCAAAACA-3’ 
opgH 

qABF-20167Fw 

qABF-20167Rv 

5'-AAAACGGCCTTAACAGCCAGA-3' 

5'-TAATCGACGCGGCCTGATAG-3' 
mcp 

qABF-20203Fw 

qABF-20203Rv 

5'-ATCTGGCCGGTTCCCACTATA-3' 

5'-GCGGAATAAAGCGTATTTGCC-3' 
bgxA 

qABF-20740Fw 

qABF-20740Rv 

5'-ATGGCTGGAGTTCAGCGAAA-3' 

5'-AACGGACAGAAATTCGGCG-3' 
yghU 

qABF-20784Fw 

qABF-20784Rv 

5'-ATTCATTGCACCGATTGCCG-3' 

5'-ATGCCGTCATCATCCGGTTT-3' 
hrpN 

qABF-20837Fw          

qABF-20837Rv   

5'-TGGGTTGACCACAACGAACT-3' 

5'-TCACGTTACCACCGGAAGTG-3' 
pelC 

qABF-20446Fw 

qABF-20446Rv 

5’- GCAAAACAGCGTGAAGTGCTG-3’ 

5’-CGTTCACGAGTCAACCCGATT-2’ 
rpoS 
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RESULTS 

 

 

The results obtained in this work have been divided in three sections. Every section includes 

a brief introduction, the description of the corresponding results and a specific discussion on 

these results. The sections are: 

1. Analysis of model bacteria chemosensory systems. 

2. Chemoperception of D/L-Asp and L-Glu controls pathogenicity in Pseudomonas syringae 

pv. tomato DC3000. 

3. Role of ABF-20167 chemoreceptor of Dickeya dadantii 3937 in jasmonic acid perception 

and virulence. 
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1. Analysis of model bacteria chemosensory systems 

1.1 Introduction 

Study of genes encoding functions related with chemosensory systems from 245 genomes 

allowed the identification of 19 different systems, which were categorized as F (Flagellar 

motility), Tfp (Type Four Pilus based motility) and ACF (Alternative Cellular Function) (Wuichet 

and Zhulin, 2010). These systems were classified according to the following phylogenomic 

markers: gene order conservation, the presence of auxiliary components in the gene 

neighborhoods, chemoreceptors class and deviations from the domain architectures of 

chemotaxis components (Table 3).  

 

 

 

Table 3. Chemosensory systems and phylogenomic markers that define them. Letters that appear 

in “Gene order conservation” and “Auxilliary component” correspond to chemotaxis genes: CheA (A), 

CheB (B), CheY (Y), Che W (W), CheR (R), CheD (D), CheC (C), CheX (X), CheV (V). “O” stands for 

response regulator different from CheY. “…” represents gene or genes that are either not conserved or 

not involved in chemotaxis. “:” stands for fusion between components. “Uncat” stands for uncategorized. 

Domain names in the “Standard domain architecture deviations” correspond to PFAM nomenclature. 

Adapted from Wuichet and Zhulin (2010). 
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Systems predicted to be involved in canonical flagellar chemotaxis were annotated as F. In the 

case of bacteria with only one system, like E. coli (F7 system) and B. subtilis (F1 system) this 

annotation is accurate. However, in bacteria with more than one chemosensory system, F 

systems can play different roles. Rhodobacter sphaeroides presents three chemotaxis 

clusters, two assigned to the F7 system and one to the F8. The F8 system, together with one 

F7 system, is involved in chemotaxis, whilst the other F7 system is not (Porter et al., 2008). In 

Rhodospirillum centenum, the F5 system regulates flagellar motility and the F9 system controls 

flagellar biosynthesis (Berleman and Bauer, 2005b).  

The acquisition of flagellar motility control by a chemosensory system has been studied in the 

case of the F7 system. This system is the most abundant in Ɣ-proteobacteria and is involved 

in canonical flagellar chemotaxis in bacteria that only present one chemosensory system 

(Ortega et al., 2020). However, in Ɣ-proteobacteria that present more than one chemosensory 

system, for example P. aeruginosa, Shewanella oneidensis and Methylomicrobium 

alcaliphilum, the F7 system is not involved in chemotaxis (Subramanian et al., 2018; Orillard 

and Watts, 2021). In addition, chemotaxis arrays formed by these non-chemotactic F7 systems 

are different from those formed by chemotactic F7 systems (Ortega et al., 2020). The 

evolutionary history of the F7 system can be divided in five stages: in stages 1 and 2, the F7 

system coexists with the F6 system. In these stages, the F7 system function is unknown and 

F6 controls flagellar rotation. The F7 system of non-enteric Ɣ-proteobacteria M. alcaliphilum 

and P. aeruginosa belong to these stages. In stages 3 and 4, there is a transition in the control 

of the flagella, which switches from the F6 to the F7 system; these stages appear in β-

proteobacteria, and some of these bacteria present a F7 system involved in chemotaxis (Raina 

et al., 2019). Finally, in stage 5 the F6 system has disappeared, and chemotaxis is controlled 

by the F7 system. The F7 system of the stage 5 is present in enteric Ɣ-proteobacteria, being 

the most studied the F7 system of E. coli (Ortega et al., 2020). 

Systems predicted to be involved in the control of motility based on the type IV pili were 

annotated as Tfp. Type IV pili is involved in bacterial movement on solid surfaces independent 

from flagella, also called twitching, and it has been observed mainly in β, Ɣ and ẟ 

proteobacteria (Mattick, 2002). In P. aeruginosa and Ralstonia solanacearum, the type 4 pili is 

also involved in adherence, DNA uptake, biofilm formation and virulence (Kang et al., 2002; 

Burrows, 2012). The Tfp system of P. aeruginosa, also known as the chemosensory pilus 

pathway (Chp), regulates the levels of second messenger cAMP, which has been observed to 

control the transcriptional factor Vfr, involved in the expression of virulence genes (Beatson et 

al., 2002; Berry et al., 2018; Fulcher et al., 2010). The chemoreceptor PilJ encoded in the Tfp 

system gene cluster in P. aeruginosa is involved in mechanoperception (Persat et al., 2015). 

An autokinase, ChpA, is also encoded in this cluster. This autokinase presents 9 different 

phosphotransfer domains (Matilla et al., 2021), which contrast with the CheA of F systems, 

that presents only one phosphotransfer domain. In Comamonas testosteroni, one 

chemosensory system called flm was described to be involved biofilm formation and presents 

cross talk with the system involved in chemotaxis (Huang et al., 2019a). This system belongs 

to the Tfp class and is orthologous to the Chp pathway, but it lacks three components 

compared to the Chp pathway of P. aeruginosa. 

The ACF system includes all systems that are not involved in the control of motility. In 

Myxococcus xanthus, the chemotaxis clusters II and III were assigned as ACF system; these 
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clusters are involved in the control of exopolysaccharide production and sporulation (Kirby and 

Zusman, 2003). In Rhodospirillum centenum¸ chemotaxis cluster assigned as ACF system 

controls flagellar biosynthesis and cyst formation (Berleman and Bauer, 2005a, b; He et al., 

2013). In P. aeruginosa, the chemotaxis cluster III presents the ACF/Wsp system. This cluster 

encodes homologues of CheR, CheB and CheW, a CheA-CheY hybrid, a chemoreceptor 

(WspA) and a response regulator, WspR, that contains a GGDEF diguanylate cyclase domain 

involved in c-di-GMP production (Matilla et al., 2021). Through the regulation of c-di-GMP 

levels, the Wsp system controls biofilm formation (Hickman et al., 2005) 

A mechanism observed to be involved in the specific interaction of members of the same 

chemosensory system, and therefore useful for chemoreceptors assignment to a system, 

requires the presence the C-terminal pentapeptide in a chemoreceptor. The chemoreceptor 

McpB of P. aeruginosa has been assigned to the F7 system (Ortega et al., 2017b) and is 

encoded in the chemotaxis cluster II, which has been assigned to the same system (Ortega et 

al., 2017b). From the 26 chemoreceptors of P. aeruginosa, McpB is the only chemoreceptor 

that presents a C-terminal pentapeptide (García-Fontana et al., 2014). This pentapeptide 

enables the specific interaction of the chemoreceptor McpB with the CheB and CheR 

paralogues assigned to the same system (García-Fontana et al., 2014; Velando et al., 2020).  

As it has been previously described, in the adaptation process of E. coli the C-terminal 

pentapeptide present in chemoreceptors Tar and Tsr is involved in the adaptational assistance 

of chemoreceptors Tap, Trg and Aer, which do not present a C-terminal pentapeptide, by 

recruiting CheR to the signal array and stimulating CheB activity (Barnakov et al., 2002; Li and 

Hazelbauer, 2005). This C-terminal feature appears to be a recent evolutionary event and is 

mainly present in Gram-negative bacteria (Perez and Stock, 2007; Ortega and Krell, 2020). In 

other bacteria, the role of C-terminal pentapeptide is different from that of E. coli, or yet to be 

determined. In Pectobacterium atrisepticum SCR1043, CheB fails to recognize the C-terminal 

pentapeptide of any of the 19 MCPs that present it, suggesting is not involved in adaptation 

(Velando et al., 2020). C-terminal pentapeptide is abundant in the Enterobacterales order, and 

it has been suggested a possible role in host interaction (Ortega and Krell, 2020).  

In P. aeruginosa, the 26 chemoreceptors of this bacterium have been assigned to a specific 

chemosensory system (Ortega et al., 2017b). To this end, the region involved in 

chemoreceptor interaction with CheA, CheW, CheR and CheD was analyzed for each 

chemoreceptor, as well as the conservation of the methylation sites. The analysis performed 

implemented new guidelines for a proper assignment of chemoreceptors to specific 

chemosensory systems.  

In 2007, Ulrich and Zhulin (2007) developed the MiST (Microbial Signal Transduction) 

database, which contained the repertoire of signal transduction genes present in a given 

genome. The latest version of this database, MiST 3.0 (Gumerov et al., 2020) includes the 

determination of the chemosensory systems present in a genome based on Wuichet and 

Zhulin (2010) work and it assigns a class to every chemoreceptor encoded. The information 

provided by MiST 3.0 can facilitate the work of chemoreceptors assignment to specific sensory 

systems, as illustrated in the recent study in Azospirillum sp. B510 (Gumerov et al., 2020).  

As stated above, chemosensory systems are not only involved in canonical chemotaxis, but 

play a role in virulence, non-flagellar motility, exopolysaccharide production, biofilm formation, 
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cell development, flagellar biosynthesis, among others (Berleman and Bauer, 2005a, b; 

Hickman et al., 2005; He et al., 2013; Scharf et al., 2016; Matilla et al., 2021). The assignment 

of chemoreceptors to specific systems will help in the characterization of these systems and 

in the study of their specific role in signal transduction. 

In this section, the chemosensory systems of the phytopathogenic bacteria PsPto and Dd3937 

are analyzed using MIST database (Gumerov et al., 2020). Based on the data provided by 

MiST (chemoreceptors class and the chemosensory system that corresponds to each 

chemotaxis cluster), available experimental data and homology with other bacteria, all 

chemoreceptors have been assigned to a specific chemosensory system. In addition, when 

previous experimental data was available, the function of a chemosensory system was 

assigned. If no data was available, a possible role is suggested based on homology to related 

bacteria. Finally, the presence of C-terminal pentapeptide was analyzed for both bacterial 

chemoreceptors’ repertoire.  

 

1.2 Results 

Dickeya dadantii 3937 chemoreceptors are assigned to the F7 chemosensory system 

Dd3937 present one chemosensory gene cluster (Figure 12 A). Based on phylogenomic 

markers, this cluster belongs to the F7 chemosensory system. In enteric Ɣ-proteobacteria like 

E. coli, Pectobacterium atrosepticum SCR1043 and D. dadantii, the F7 system controls 

flagellar motility and chemotaxis (Ortega et al., 2020), and in P. atrosepticum and D. dadantii 

is also involved in virulence (Antúnez-Lamas et al., 2009a; Velando et al., 2020).  

From the 47 chemoreceptors of this bacterium, all transmembrane MCPs (44 in total) belong 

to the 36H class, which, as expected, is associated to the F7 system (Wuichet and Zhulin, 

2010). The other three cytoplasmic MCPs, ABF-16436, ABF-17824 and ABF-17090, belong 

to the 24H, 34H and 52 H class, respectively (Table 4). In genomes with only one 

chemosensory system, 24H class can also be assigned to the F7 system (Ortega et al., 2017b) 

(Table 4). The presence of a single chemosensory system in this bacterium forces the 

assignment of 34H and 52H chemoreceptor classes to the F7 system. 

Cytoplasmic receptors present the following LBDs: PAS_9-PAS_3, FIST_C and the last 

receptor presents no LBD. Despite representing ca. 15% of total chemoreceptors, little is 

known on cytoplasmic receptors sensing and signal transmission (Collins et al., 2014). PAS is 

the most abundant LBD in the cytosol, being present in almost 47% of cytoplasmic receptors 

(Collins et al., 2014). This domain binds to small molecules such as oxygen and acts as 

intracellular sensor (Taylor and Zhulin, 1999). FIST is the fourth most abundant domain in 

cytoplasmic chemoreceptors but there is no information regarding the ligands this LBD 

perceives. Bioinformatics analysis of genes codifying chemoreceptors with this type of LBD 

localize close to genes encoding enzymes involved in amino acid metabolism, which suggest 

amino acids as putative ligands (Borziak and Zhulin, 2007). 
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Dickeya dadantii 3937 presents a high number of chemoreceptors with C-terminal 

pentapeptide 

For C-terminal pentapeptide determination, the last five residues of each chemoreceptor 

sequence were extracted and only those sequences that met the criteria stablished by Perez 

and Stock (2007) were considered as C-terminal pentapeptide. Dd3937 presents a high 

number of chemoreceptors with C-terminal pentapeptide, 19 (Table 4). The pentapeptide 

sequence is diverse in these 19 chemoreceptors and a sequence logo representing 

pentapeptide’s amino acid sequence conservation is shown in Figure 13 A. These 19 MCPs 

are transmembrane receptors belonging to the 36H class (Table 4). Based on its LBD topology, 

16 belong to the 4HB superfamily (11 TarH, 4 4HB and 1 HBM) and 3 present an unknown 

LBD.  

Similar to Dd3937, P. atrosepticum SCR1043 presents a F7 system and a high number of 

chemoreceptors with C-terminal pentapeptide. It has been shown that in this bacterium, CheB 

failed to detect the pentapeptide (Velando et al., 2020). Amino acid sequence alignment of 

CheB region involved in pentapeptide interaction in E. coli and P. atrosepticum showed this 

region is not conserved (Velando et al., 2020). Sequence alignment of CheB from P. 

atrosepticum and Dd3937 shows a sequence identity of 94.86% and a similar pattern of 

conservation of the region involved in pentapeptide binding (Figure 13 B). This suggests a 

possible lack of interaction of CheB of D. dadantii 3937 with the chemoreceptors that present 

C-terminal pentapeptide.  

 

Figure 13. Sequence conservation of the C-terminal pentapeptide present in chemoreceptors (A) 

and sequence alignment of CheB (B) of E. coli, P. atrosepticum and D. dadantii. (A) Sequence 

logo of the 19 pentapeptides. Figure generated using Weblogo (https://weblogo.berkeley.edu/logo.cgi). 

(B) Sequence alignment of CheB region involved in C-terminal pentapeptide binding in E. coli K-12 with 

its equivalent in P. atrosepticum SCRI1043 and D. dadantii 3937. The alignment was performed using 

CLUSTAL Omega. In red box, specific residues involved in pentapeptide binding site in E. coli. In black 

box, the residues of P. atrosepticum and D. dadantii that differ from E. coli’s in the binding site. 

 

 

 

Table 4. Chemoreceptor repertoire of Dickeya dadantii 3937. Information of each of the 47 

chemoreceptors of Dd3937: LBD domain, class, C-terminal pentapeptide, chemosensory system and 

cellular location.  

https://weblogo.berkeley.edu/logo.cgi
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ASAP code LBD-domain Class 
C-terminal 

pentapeptide 

Chemosensory 

system 
Type of receptor 

      

ABF-0014536 4HB_MCP_1 36H EWAAF F7 Transmembrane 

ABF-0014618 TarH 36H - F7 Transmembrane 

ABF-0014722 TarH 36H HWETF F7 Transmembrane 

ABF-0014726 sCache_2 36H - F7 Transmembrane 

ABF-0014824 TarH 36H - F7 Transmembrane 

ABF-0014843 PAS_3 36H - F7 Transmembrane 

ABF-0015168 TarH 36H NWETF F7 Transmembrane 

ABF-0015513 TarH 36H - F7 Transmembrane 

ABF-0015600 HBM 36H DWESF F7 Transmembrane 

ABF-0015603 HBM 36H - F7 Transmembrane 

ABF-0016115 HBM 36H - F7 Transmembrane 

ABF-0016380 dCache_1 36H - F7 Transmembrane 

ABF-0016436 PAS_9/PAS_3 24H - F7 Cytoplasmic 

ABF-0016585 TarH 36H - F7 Transmembrane 

ABF-0016979 TarH 36H NREKF F7 Transmembrane 

ABF-0017090 FIST_C 52H - F7 Cytoplasmic 

ABF-0017097 UNKNOWN 36H NWTTF F7 Transmembrane 

ABF-0017419 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0017537 dCache_1 36H - F7 Transmembrane 

ABF-0017662 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0017665 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0017668 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0017672 4HB_MCP_1 36H NWEQF F7 Transmembrane 

ABF-0017674 4HB_MCP_1 36H NWEQF F7 Transmembrane 

ABF-0017824 No LBD 34H - F7 Cytoplasmic 

ABF-0017863 TarH 36H - F7 Transmembrane 

ABF-0017896 TarH 36H DWTSF F7 Transmembrane 

ABF-0018502 TarH 36H - F7 Transmembrane 

ABF-0018511 Cache_3-Cache_2 36H - F7 Transmembrane 

ABF-0018541 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0018585 TarH 36H GWETF F7 Transmembrane 

ABF-0018754 TarH 36H NWETF F7 Transmembrane 

ABF-0018765 TarH 36H NWETF F7 Transmembrane 

ABF-0018892 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0019050 UNKNOWN 36H DWASF F7 Transmembrane 

ABF-0019306 UNKNOWN 36H DWESF F7 Transmembrane 

ABF-0019309 PAS_3 36H - F7 Transmembrane 

ABF-0019718 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0019790 4HB_MCP_1 36H DWTSF F7 Transmembrane 

ABF-0019851 TarH 36H SWEKF F7 Transmembrane 

ABF-0019852 TarH 36H DWETF F7 Transmembrane 

ABF-0019855 TarH 36H DWETF F7 Transmembrane 

ABF-0019858 TarH 36H DWETF F7 Transmembrane 

ABF-0020167 4HB_MCP_1 36H - F7 Transmembrane 

ABF-0020252 HBM 36H - F7 Transmembrane 

ABF-0020431 sCache_2 36H - F7 Transmembrane 

ABF-0046680 NIT 36H - F7 Transmembrane 
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Pseudomonas syringae pv. tomato DC3000 chemoreceptors are assigned to four 

different chemosensory systems 

Chemotaxis genes of PsPto are arranged in four major (I-IV) and five minor (V-IX) clusters 

(Figure 10 A). Numbering of major clusters I and II and all the minor clusters does not 

correspond to the gene’s location in the genome. These clusters were initially defined by 

homology with other Pseudomonas species (P. aeruginosa PAO1 and P. putida KT2440), 

where they had been studied (Parales et al., 2004). In these species, genes from cluster I are 

located upstream cluster II, as it would be expected by the nomenclature. But in the case of 

PsPto, genes from cluster II are upstream cluster I, and minor clusters genes locate in the 

chromosome in a different order from their numbering. In this work, the annotation from Parales 

et al. (2004) has been maintained. 

As previously mentioned, in bacteria with more than one chemosensory system, the 

classification of a system in the F category does not mean is involved in flagellar motility 

(Ortega et al., 2020; Gumerov et al., 2021; Matilla et al., 2021). PsPto presents two different F 

systems, F6 and F8. The F6 system corresponds to Cluster I and its role in chemotaxis has 

been assessed (Clarke et al., 2016; Cerna-Vargas et al., 2019) (Table 5). The F8 system 

corresponds to Cluster II, and the role of this cluster in chemotaxis has been discarded but it 

appears to play a role in pathogenesis (Clarke et al., 2016) (Table 5). Cluster II encodes two 

chemoreceptor proteins (Figure 10 A), PSPTO_0912 and PSPTO_0916. The former belongs 

to the 34H class and presents a 4HB LBD, and the latter belongs to the 24H class and does 

not present an LBD. Based on chemoreceptor’s class (Wuichet and Zhulin, 2010), 

PSPTO_0912 is assigned to the F8 system. Chemoreceptors that belong to the 24H class 

have been observed in F6 systems but never in F8 systems (Ortega et al., 2017b). Therefore, 

chemoreceptor PSPTO_0916 is assigned to the F6 system (Table 6). Unlike Enterobacterales, 

Pseudomonadales abundance of chemoreceptors with C-terminal pentapeptide is low (Ortega 

and Krell, 2020). In PsPto, only one chemoreceptor presents a C-terminal pentapeptide, 

PSPTO_0912. There is no information regarding the signals this chemoreceptor perceives. 

Cluster III corresponds to the ACF (alternative cell function) chemosensory system. In addition 

to sequence homology with cluster III of P. aeruginosa, this cluster presents a histidine kinase 

hybrid of CheA and CheY and a response regulator, WspR, with a GGDEF domain, indicating 

this cluster encodes components of the Wsp system. Cluster IV corresponds to the Type IV 

pilus (Tfp) system. Genes of this cluster are annotated as chpA and pil, which corresponds to 

the chemosensory pilus (Chp) pathway.  

In P. aeruginosa, chemoreceptors genes located in chemotaxis clusters III and IV were 

successfully assigned to ACF and Tfp systems, respectively (Ortega et al., 2017b). In PsPto, 

chemoreceptor genes pspto_1493 and pspto_5031 are encoded in cluster III and IV, 

respectively (Figure 10 A). Following the same rationale, chemoreceptor PSPTO_1493 is 

assigned to the ACF/Wsp system and chemoreceptor PSPTO_5031 to the Tfp/Chp system 

(Table 6).  

Cluster V is formed by cheV and cheR2, and clusters VII and VIII by cheV alone. These three 

clusters correspond to the F6 class (Table 5). 
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Cluster VI is formed by a pair cheB-cheR and does not fit in any chemosensory system. This 

cluster is annotated as MAC2 module (Table 5). Members of this module present two-helix 

coiled-coil regions with methylation sites typical of MCPs, hence the name (Methyl-accepting 

coiled-coil). This module is found in 20% of genomes analyzed by Wuichet and Zhulin (2010). 

Almost 80% of bacteria that present the MAC2 module encode chemotaxis genes, suggesting 

a role of this module in chemotaxis (Wuichet and Zhulin, 2010). Proteins that present the MAC 

module are involved diverse functions, such as DNA binding and cyclic diguanosin 

monophosphate regulation. In addition, they are associated to histidine kinases (Wuichet and 

Zhulin, 2010).  

Finally, cluster IX is constituted by the chemoreceptor PSPTO_2441 and by CheW. 

PSPTO_2441 is cytoplasmic MCP of class 36H with 4 PAS domains as LBD (Table 6). This 

cluster appears to be absent in other Pseudomonads (Parales et al., 2004), which would 

suggest a role of this MCP in perception of signals that are specific to PsPto. 

 Table 5. Chemosensory systems assigned to specific chemotaxis clusters in PsPto.  

 

 

 

 

 

 

 

 

P. syringae pv. tomato chemoreceptors are classified in the following classes: 41 MCPs (40 

transmembrane and 1 cytoplasmic) are 40H, 6 MCPs (5 cytoplasmic and 1 transmembrane) 

are 24H, one transmembrane MCP is 34H and one cytoplasmic MCP is 36H (Table 6). From 

these 49 chemoreceptors, 4 have been assigned to a specific chemosensory system, as it has 

been described in the previous paragraphs: PSPTO_0916 to the F6 system, PSPTO_0912 to 

the F8 system, PSPTO_1493 to the ACF/Wsp system and PSPTO_5031 to the Tfp system 

(Table 6). The remaining 45 chemoreceptors belong to the 24H, 36H and 40H class. From the 

41 chemoreceptors that belong to the 40H class, two have been assigned to the Tfp and the 

ACF system since genes that encode for these chemoreceptors are located in a chemotaxis 

cluster (Figure 10 A). The remaining 39 chemoreceptors of the 40H class, together with 

chemoreceptors that belong to the 24H and 36H class are assigned to the F6 system (Table 

6) based on previous data that shows these classes are present in bacteria with a single F6 

chemosensory system (Ortega et al., 2017b). 

 

Table 6. Chemoreceptor repertoire of Pseudomonas syringae pv. tomato DC3000. Information of 

each of the 49 chemoreceptors of PsPto: LBD domain, class, C-terminal pentapeptide, chemosensory 

system and cellular location. 

Cluster Chemosensory system 

II F8 

III ACF/Wsp 

IV Tfp 

I F6 

V F6 

VI MAC2 

VII F6 

VIII F6 

IX F6 
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Gene ID LBD-domain Class 
C-terminal 

pentapeptide 

Chemosensory 

system 
Type of receptor 

      

PSPTO_0117 Cache_3-Cache_2 40H - F6 Transmembrane 

PSPTO_0263 No LBD 40H - F6 Transmembrane 

PSPTO_0466 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_0912 4HB_MCP_1 34H EFTRF F8 Transmembrane 

PSPTO_0916 No LBD 24H - F6 Transmembrane 

PSPTO_0995 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_1008 PAS_3-PAS_3 24H - F6 Cytoplasmic 

PSPTO_1059 HBM 40H - F6 Transmembrane 

PSPTO_1061 dCache_1 40H - F6 Transmembrane 

PSPTO_1066 UNKOWN 40H - F6 Transmembrane 

PSPTO_1334 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_1493 4HB_MCP_1 40H - ACF Transmembrane 

PSPTO_1648 PAS_3 40H - F6 Transmembrane 

PSPTO_2014 PAS_3 40H - F6 Transmembrane 

PSPTO_2254 UNKOWN 40H - F6 Transmembrane 

PSPTO_2441 (PAS_3) x4 36H - F6 Cytoplasmic 

PSPTO_2448 dCache_1 40H - F6 Transmembrane 

PSPTO_2472 UNKOWN 40H - F6 Transmembrane 

PSPTO_2475 No LBD 40H - F6 Transmembrane 

PSPTO_2480 dCache_1 40H - F6 Transmembrane 

PSPTO_2511 NIT 40H - F6 Transmembrane 

PSPTO_2526 UNKOWN 40H - F6 Transmembrane 

PSPTO_2616 HBM 40H - F6 Transmembrane 

PSPTO_2883 PAS_4-PAS_3 24H - F6 Cytoplasmic 

PSPTO_2997 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3098 HBM 40H - F6 Transmembrane 

PSPTO_3237 dCache_1 40H - F6 Transmembrane 

PSPTO_3279 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3291 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3379 sCache_2 40H - F6 Transmembrane 

PSPTO_3480 No LBD 40H - F6 Transmembrane 

PSPTO_3577 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3580 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3680 HBM 40H - F6 Transmembrane 

PSPTO_3685 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_3699 sCache_2 40H - F6 Transmembrane 

PSPTO_3753 PAS_9-PAS_3 24H - F6 Cytoplasmic 

PSPTO_4531 PAS_3-PAS_3 40H - F6 Transmembrane 

PSPTO_4541 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_4624 4HB_MCP_1 40H - F6 Transmembrane 

PSPTO_4786 PAS_9-PAS_3 24H - F6 Cytoplasmic 

PSPTO_4936 UNKOWN 40H - F6 Transmembrane 

PSPTO_5031 PilJ 40H - Tfp Transmembrane 

PSPTO_5159 HBM 40H - F6 Transmembrane 

PSPTO_5160 HBM 40H - F6 Transmembrane 

PSPTO_5352 PAS_3-PAS_3 24H - F6 Cytoplasmic 

PSPTO_5553 HBM 40H - F6 Transmembrane 

PSPTO_5554 UNKOWN 40H - F6 Transmembrane 

PSPTO_5569 4HB_MCP_1 40H - F6 Transmembrane 
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1.3 Discussion 

Though unintentional, the choice of E. coli as a model to study chemotaxis (Adler, 1966) was 

extremely adequate, since this bacterium presents the basic components of a chemotaxis 

system and lacks auxiliary components observed in other organisms (Wuichet and Zhulin, 

2010). However, this bacterium only presents one of the 19 chemosensory systems described 

to date (Wuichet and Zhulin, 2010). These different systems are not only involved in 

chemotaxis but also in other cellular functions like virulence, biofilm formation or development 

(Kirby and Zusman, 2003; Hickman et al., 2005; Kirby, 2009; He et al., 2013; Matilla et al., 

2021). The study of chemoreceptor features such as class and cellular location has 

complemented the experimental data available, allowing confident assignment of 

chemoreceptors to chemosensory systems in P. aeruginosa (Ortega et al., 2017b) and 

Azospirillum sp. B510 (Gumerov et al., 2020),  

In the case of Dd3937, chemoreceptors assignment is a simple task since it only presents one 

chemosensory system (Table 4). Chemosensory arrays are formed by a mixture of 

chemoreceptors of the same class (Herrera Seitz et al., 2014), which suggests this bacterium 

presents at least four different type of arrays, one transmembrane and three cytoplasmic. In 

the case of PsPto, this bacterium presents 4 chemosensory systems, each assigned to a 

specific major chemotaxis cluster. Using data from MiSTdb and guided by the work performed 

by Ortega et al. (2017b) in P. aeruginosa, which presents the same number of major clusters 

and systems as PsPto, chemoreceptors of PsPto were assigned to a specific chemosensory 

system (Table 6).  

From the 49 chemoreceptors of PsPto, 46 are assigned to the F6 system involved in 

chemotaxis (Clarke et al., 2016). The assignment of chemoreceptors that belong to the 40H 

class to this system should be experimentally confirmed. Chemoreceptors of this class can 

also be assigned to the ACF and Tfp systems (Wuichet and Zhulin, 2010), and could be 

interesting candidates for the study of possible cross talk between chemotaxis and these 

chemosensory systems. Only two chemoreceptors can be confidently assigned to the 

ACF/Wsp and Tfp/Chp systems, PSPTO_1493 and PSPTO_5031, respectively. In P. 

aeruginosa, the Wsp system is involved in perception of unidentified signals related to the 

physical media and surface growing (Güvener et al., 2006), cell aggregation and biofilm 

formation through the control of c-di-GMP levels (Hickman et al., 2005). In PsPto, the response 

regulator WspR of this system is involved in bacterial virulence (Pfeilmeier et al., 2016). The 

Tfp system is important in plant colonization (Roine et al., 1998), regulation of cAMP levels 

and surface motility and virulence in P. syringae pv. tabaci (Nguyen et al., 2012), as well as in 

other plant pathogens, such as Xyella fastidiosa (De La Fuente et al., 2008) and Acidovorax 

avenae (Bahar et al., 2009). Characterization and establishment of the ligand profile of the 

chemoreceptors assigned to the Wsp and Tfp systems would allow the identification of signals 

involved in the above-mentioned bacterial functions.  

PsPto presents only one chemoreceptor with a C-terminal pentapeptide, PSPTO_0912, which 

is in accordance with the low abundance of these structural feature in chemoreceptors of 

Pseudomonadales (Ortega and Krell, 2020). In P. aeruginosa, three chemoreceptors present 

a C-terminal extension, but only one of them, McpB, present the sequence that is assigned to 

C-terminal pentapeptides (Perez and Stock, 2007). This chemoreceptor is encoded in the 
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chemotaxis cluster II and was assigned to an F system that is not involved in chemotaxis 

(Ortega et al., 2017b). The specific interaction of CheB and CheR paralogues encoded in 

cluster II of P. aeruginosa with McpB is mediated by the recognition of the C-terminal 

pentapeptide (García-Fontana et al., 2014; Velando et al., 2020). Data from P. aeruginosa 

suggest that the C-terminal pentapeptide of PSPTO_0912 could play a similar role in 

CheB/CheR recognition, though experimental data is required. McpB is a cytoplasmic PAS-

containing receptor that binds oxygen (Orillard and Watts, 2021) and PSPTO_0912 is a 

transmembrane chemoreceptor with a 4HB LBD. Though 4HB LBD perceives a wide variety 

of ligands by different mechanisms (Ortega et al., 2017a), oxygen perception has only been 

described in cytoplasmic PAS LBDs. Therefore, oxygen is an unlikely ligand of chemoreceptor 

PSPTO_0912. 

Dd3937 presents a high number of MCPs with a C-terminal pentapeptide. Abundance of C-

terminal pentapeptide presents a negative correlation with the number of MCPs per genome, 

being Dickeya and Pectobacterium an exception (Ortega and Krell, 2020). Based on sequence 

alignment of CheB and conservation of the site involved in pentapeptide interaction (Figure 13 

B), CheB of D. dadantii 3937 is suggested to behave like CheB of P. atrosepticum’s, which 

does not interact with the C-terminal pentapeptide. Analysis of C-terminal pentapeptide 

extensions in D. dadantii 3937 chemoreceptors suggest this structural feature is not involved 

in adaptation, but experimental data regarding interaction of the pentapeptides with CheB and 

CheR is required. If these two proteins do not interact with C-terminal pentapeptides, 

discarding a role in adaptation, this structural feature could be involved in host adaptation, as 

it has been hypothesized (Ortega and Krell, 2020). 

In this work, the analysis of these bacteria chemosensory systems, chemoreceptors class and 

the presence of C-terminal pentapeptide allowed the assignment of chemoreceptors to specific 

chemosensory systems. An interesting research line arises from the assignment of 

chemoreceptors to the Chp and Wsp pathways. These systems are involved in the control of 

second messengers c-di-GMP and cAMP levels, which regulate several bacterial functions, 

including virulence. Characterization of these chemoreceptors would expand the knowledge 

regarding the signals that modulate the levels of these second messengers.  
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2. Chemoperception of D/L-Asp and L-Glu controls pathogenicity in 

Pseudomonas syringae pv. tomato DC3000 

Results from this section derived in a publication: 

Cerna-Vargas JP, Santamaría-Hernando S, Matilla MA, Rodríguez-Herva JJ, Daddaoua A, 

Rodríguez-Palenzuela P, Krell T, López-Solanilla E. 2019. Chemoperception of specific amino 

acids controls phytopathogenicity in Pseudomonas syringae pv. tomato. mBio 10:e01868-19. 

https://doi.org/10.1128/mBio.01868-19. 

 

2.1 Introduction 

Pseudomonas syringae pv. tomato is the causal agent of bacterial speck in tomato (Xin and 

He, 2013). The main virulence determinant in this bacterium is the type III secretion system 

(T3SS) and the type III effector proteins (T3Es) (Xin and He, 2013). P. syringae pv. tomato is 

a saprophyte found in plant debris, soil, and leaf surfaces but is a weak epiphyte compared 

with other P. syringae strains (Freeman et al., 2013). Therefore, mechanisms of adaptation 

and response to favorable conditions are central to ensure bacterial entry into the plant and 

concomitantly for disease development (Beattie et al., 2018). Knowledge of these mechanisms 

is scarce, although it is known that motility contributes to bacterial entry through stomata during 

the first stages of the infection (Río-Álvarez et al., 2014; Santamaría-Hernando et al., 2018). 

Biofilm formation is also associated with bacterial adaptation to environmental stress such as 

that generated by the interaction of P. syringae with plants (Morris and Monier, 2003). As in 

other bacteria, motility and biofilm formation are inversely regulated in P. syringae pv. tomato 

(Engl et al., 2014; Fishman et al., 2018) and pathogenicity was found to be associated with 

increased motility and a low degree of cell aggregation (Chakravarthy et al., 2017). 

Little is known on the signals recognized by this bacterium (Cuppels, 1988; Kim et al., 2007), 

and there is no information to date on the chemoreceptor ligand profile of this bacterium, nor 

the role these chemoreceptors play in virulence. From the 49 chemoreceptors present in this 

bacterium (Figure 10), sequence analysis show chemoreceptors PSPTO_ 2480, 

PSPTO_1061, and PSPTO_2448 are homologous to the amino acid receptors PscA, PscB, 

and PscC of P. syringae pv. actinidiae (McKellar et al., 2015) and PctA, PctB, and PctC of 

Pseudomonas aeruginosa (Taguchi et al., 1997; Rico-Jiménez et al., 2013; Reyes-Darias et 

al., 2015b). All these homologous chemoreceptors bind amino acids and present a dCache 

LBD. Perception of amino acids by chemoreceptors with this LBD is present in a wide 

phylogenetic distribution, as observed in the archaea Halobacterium salinarum (Kokoeva and 

Oesterhelt, 2000), the Gram-positive Bacillus subtilis (Glekas et al., 2012) the α-proteobacteria 

Sinorhizobium meliloti (Webb et al., 2017a) and the ε-proteobacteria Campilobacter jejuni 

(Hartley-Tassell et al., 2010), pointing to an important biological role of this chemoreceptor 

type. 

P. syringae pv. actinidae chemoreceptor PscA binds the amino acids D/L-Asp and L-Glu 

(McKellar et al., 2015). However, there is no information on whether those ligands are 

important in pathogenicity. In this work, PscA homologue PSPTO_2480 was characterized, 

establishing for the first time the ligand profile of a chemoreceptor of PsPto, the mechanism 

involved in the perception of D/L-Asp and L-Glu in the bacterium and its role in virulence.  

https://doi.org/10.1128/mBio.01868-19
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2.2 Results 

Ligand binding assays show PsPto-PscA binds L-Asp, D-Asp and L-Glu 

The sequence of the annotated chemoreceptor PSPTO_2480 of P. syringae pv. tomato 

DC3000 showed a 100 % identity with the amino acid receptor PscA of P. syringae pv. 

actinidae. Therefore, this chemoreceptor was renamed as PsPto-PscA. To identify the ligands 

recognized by PsPto-PscA, the LBD was expressed in E. coli and purified from the soluble 

protein fraction using affinity chromatography. PsPto-PscA-LBD was then submitted to thermal 

shift assays. In this assay, a fluorescent dye is added to the protein and a temperature gradient 

is applied. As temperature increases, protein unfolds and the dye binds to the exposed 

hydrophobic regions producing changes in fluorescence that can be measured. Upon ligand 

binding protein is more stable, producing an increase in the Tm, a measurement of the midpoint 

of the unfolding transition. Increases of more than 2°C are considered significant (Martin-Mora 

et al., 2018a). The Tm of the ligand-free protein was 37.6°C, and significant Tm increases were 

observed for L-Asp, D-Asp, L-Glu, and N-phthaloyl-L-glutamate, while no Tm increase was 

observed for any of the other proteinogenic amino acids or for D-Ala, D-Asn, D-Glu, D-Lys, D-

Ser, or D-Val (Table 7 and Figure 14).  

 

Figure 14 Differential scanning fluorimetry-based ligand screening of PsPto-PscA-LBD. Shown 

are the melting temperature (Tm) changes for each of the 95 compounds present in the Biolog PM3B 

compound array of nitrogen sources with respect to the Tm of the ligand-free protein. The dashed line 

indicates the threshold of 2°C for significant hits. Data are the means and standard deviations from two 

assays. 

 

To derive the thermodynamic binding parameters, the protein was analyzed by isothermal 

titration calorimetry (ITC), an assay that is based on heat changes derived from the interaction 

of two molecules. The titration of PsPto-PscA-LBD with the L- and D-enantiomers of Asp and 

L-Glu produced significant exothermic heat changes that diminished as titration proceeded 

(Figure 15). Data analysis revealed that L- and D-Asp bound to PsPto-PscA-LBD with the 

same affinity of 1.2 ± 0.1 µM (Table 7), whereas L-Glu bound with a slightly lower affinity (KD 

[equilibrium dissociation constant] = 3.4 ± 0.1 µM). No binding heats were observed for N-

phthaloyl-L-glutamate (Figure 15). Since ITC permits visualization of only high-affinity binding 

events, it cannot be excluded that this compound binds to the protein with a much lower affinity. 

We also conducted ITC measurements with several related amino acids that did not cause 

significant Tm shifts (Table 7). In all cases, an absence of binding was noted, indicating that 

PsPto-PscA-LBD specifically binds L- and D-Asp and L-Glu. These results are in agreement 
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with those observed for the P. syringae pv. actinidae homologue PscA (McKellar et al., 2015). 

Finally, microcalorimetric titrations with L-tartrate, a D-Asp homologue abundant in plants, did 

not reveal binding (Supplementary Figure 1). 

Table 7. ΔTm values obtained by differential scanning fluorimetry and thermodynamic 

parameters for titration of PsPto-PscA-LBD with acid amino acids and their amides. Compounds 

that resulted in a >2°C shift in melting temperature are in boldface type. ND, not determined. Shown are 

means and standard deviations from three independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Microcalorimetric studies showing the binding of different D- and L-amino acids to 

PsPto-PscA-LBD. (Top) Titration raw data for the injection of 8 μl of 0.5 to 1 mM ligand solutions into 

15 μM PsPto-PscA-LBD. (Bottom) Integrated, dilution heat-corrected, and concentration-normalized 

peak areas fitted with the one-binding-site model of ORIGIN. 

Ligand ΔTm (°C) KD (µM) ΔH (kcal/mol) 

L-Asp +12.88 1.2 ± 0.1 -6.7 ± 0.1 

D-Asp +11.63 1.2 ± 0.1 -4.7 ± 0.1 

L-Asn +0.31 No binding 

D-Asn +0.97 No binding 

L-Glu +12.35 3.4 ± 0.1 -7.8 ± 0.1 

D-Glu +0.42 No binding 

L-Gln +0.03 No binding 

D-Gln ND No binding 

N-Phthaloyl-L-Glu +6.23 No binding 
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Perception of D-Asp and L-Asp generate similar responses in the chemotaxis system of E. coli 

Perception of ligands by the chemoreceptor is considered the signal input, and the response 

generated upon binding is the signal output. There is a strong correlation between signal input 

and output in chemoreceptors with a narrow ligand profile, which is less strong in 

chemoreceptors with a broad ligand profile (Reyes-Darias et al., 2015b). The response of the 

signal output can be measured by FRET assay. Briefly, in this assay the fluorescence of the 

yellow fluorescent protein (YFP) is measured upon constant excitation of the cyan fluorescent 

protein (CFP) in the E. coli strain VS181 (Sourjik and Berg, 2004). This strain lacks 

chemoreceptors and genes cheY and cheZ. To perform this assay, inducible plasmids 

containing the subject chemoreceptor and CheY fused to YFP (CheY-YFP) and CheZ fused 

to CFP (CheZ-CFP) are expressed in trans. In the absence of ligand, CheY-YFP interacts with 

CheZ-CFP; since emission spectra of CFP overlaps with the excitation spectra of YFP, when 

these two proteins are in close contact CFP emission is able to excite YFP. In the presence of 

an attractant, CheA’s activity is reduced, decreasing CheY-YFP phosphorylation. This reduces 

the interaction of CheY-YFP with CheZ-CFP, hence the excitation of YFP and the YFP/CFP 

fluorescence ratio drops (Sourjik and Berg, 2002b; Sourjik et al., 2007). Using this technique, 

the magnitude of the response in E. coli of chemoreceptors from different organisms has been 

studied (Reyes-Darias et al., 2015a, b; Bi et al., 2016).  

To determine the chemotactic response to D/L-Asp and L-Glu, a chemoreceptor chimera was 

built that presented the transmembrane and signal conversion module of PsPto-PscA fused to 

the kinase control module of Tar. This chimera was cloned in an inducible vector and E. coli 

VS181 strain transformed with this vector.  

The addition of these ligands produces a reduction of the YFP/CFP ratio, indicating a 

chemoattractant-like response (Figure 16). The addition of 1 µM of the three amino acids 

produced a reduction in YFP/CFP ratio followed by a return to the steady level by methylation-

dependent adaptation. The addition of 10 and 100 µM of D/L-Asp (Figure 16 A) and L-Glu 

(Figure 16 B) produced a drop on YFP/CFP ratio that is maintained until the ligand is removed 

from the media. At saturating concentrations, methylation sites of the chemoreceptor are 

saturated, inhibiting CheA activity and reducing YFP/CFP ratio until the compound is removed 

(Paulick and Sourjik, 2018). Therefore, concentrations of these ligands of 10 µM or higher are 

enough to saturate the chemotaxis system. 
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Figure 16. Response of Escherichia coli harboring chimera PsPto-PscA-Tar towards D/L-Asp (A) 

and L-Glu (B). Buffer-adapted cells were stimulated with step-like addition and subsequent removal of 

compounds, indicated by downward and upward arrows, respectively.  

 

An interesting aspect of PsPto-PscA ligand profile is the perception of the enantiomers of 

aspartic acid but not of glutamic acid (Table 7). To assess the sensitivity of PsPto-PscA to D-

Asp and L-Asp, these two amino acids were added and subsequently removed at a range of 

concentrations until saturation was observed. This dose-response measurement allows the 

determination of chemoreceptor sensitivity by calculating EC50, i.e, the stimulus concentration 

at the half-maximal response. Curve-dose response show similar signal output to both 

enantiomers, with similar EC50 values: 0.304 ± 0.2 µM for D-Asp and 0.207 ± 0.14 µM for L-

Asp (Figure 17). These results indicate a similar sensitivity of PsPto-PscA to both aspartic acid 

enantiomers.  
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Figure 17. Dose–response curve (upper) derived from FRET data (bottom). Means and standard 

deviations from two independent experiments are shown. Buffer-adapted cells were stimulated with 

step-like addition and subsequent removal of compounds, indicated by downward and upward arrows, 

respectively. 

 

Mutation of PsPto-pscA abolishes chemotaxis to L-Asp and reduces chemotaxis to D-Asp and 

L-Glu 

To investigate the chemotactic response of PsPto to the three PsPto-PscA ligands, quantitative 

capillary chemotaxis assays with the WT (wild-type) strain was conducted. Amino acids were 

used at concentrations ranging from 0.5 to 10 mM and significant responses were observed 

toward L- and D-Asp and L-Glu, with maxima at 1mM and 0.5 mM, respectively (Figure 18). 

To determine whether these chemotactic responses are mediated by PsPto-PscA, the same 

assay was performed with a mutant in which the PsPto-pscA gene was insertionally 

inactivated. This mutant did not respond to L-Asp, whereas chemotaxis to D-Asp and L-Glu 

was significantly reduced (Figure 18 A), indicating that PsPto-PscA is the sole chemoreceptor 
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for L-Asp, whereas additional receptors are likely to respond to the other two ligands (Figure 

18 B and C). Chemotaxis assays revealed that PsPto-pscA provided in trans complemented 

the reduced chemotactic response of the PsPto-pscA mutant toward L-Asp, D-Asp, and L-Glu 

(Supplementary Figure 2). Taken together, these results indicate that the chemoreceptor 

PsPto-PscA mediates chemotactic responses to D-Asp, L-Asp, and L-Glu. 

 

 

 

Figure 18. Quantitative assays of capillary chemotaxis of P. syringae pv. tomato (WT) and the 

PsPto-pscA mutant toward L-Asp (A), D-Asp (B), and L-Glu (C). The data have been corrected with 

the number of cells that swam into buffer-containing capillaries. Shown are means and standard errors 

from three independent experiments conducted in triplicate. Generalized linear models (GzLMs) were 

performed, followed by Fisher’s least significant difference (LSD) test (*, p < 0.05; **, p < 0.01; ***, 

p < 0.005; ****, p < 0.001), with the exception of L-Asp at 0.5 mM and L-Asp at 5 mM, where ANOVA 

was performed, followed by Fisher’s LSD test (*, p < 0.05). 

 

Perception of PsPto-PscA ligands controls biofilm formation and swarming motility  

The regulatory mechanisms that govern biofilm dynamics are highly complex and remain 

poorly understood. Several studies highlight the involvement of chemosensory pathways in the 

biofilm formation process (Barken et al., 2008; Schmidt et al., 2011; Huang et al., 2019a), and 

a role of specific chemoreceptors in biofilm formation has been reported for C. testosteroni and 

P. putida KT2440 (Corral-Lugo et al., 2016; Huang et al., 2019a). Furthermore, D-amino acids 

were found to trigger biofilm disassembly in some bacteria (Kolodkin-Gal et al., 2010; Leiman 

et al., 2013), while they had no effect on others (Sarkar and Pires, 2015). To investigate 

whether PsPto-PscA is involved in biofilm formation, WT and mutant strains were grown under 

static conditions during 24 h. A modest but significant increase in biofilm formation was 

observed for the PsPto-pscA mutant with respect to that of the WT strain (Figure 19).  

To assess the role of PsPto-PscA ligands in biofilm formation, an assay was developed in 

which saturating ligand concentrations were present, putatively causing complete receptor 

saturation, preventing a response. The WT strain showed increased biofilm formation in the 

presence of L- and D-Asp and L-Glu, reaching levels similar to those of the PsPto-pscA mutant. 

In contrast, the addition of L-Arg, used as control since it does not bind to PsPto-PscA, did not 

increase biofilm formation in the WT strain (Figure 19).  
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Figure 19. Biofilm formation in MGA medium. Total biofilm formation was quantified using the 

absorbance of crystal violet at 570 nm. Medium was supplemented with 0.5 mM D-Asp, 1 mM L-Glu, or 

1 mM L-Asp. Shown are means and standard errors from at least three independent experiments 

conducted in triplicate. GzLM analysis was performed, followed by Fisher’s LSD test (****, p < 0.001). 

 

Considering the increased biofilm formation of the PsPto-pscA mutant, and the inverse 

regulation of biofilm formation and swarming motility in Pseudomonas (Chakravarthy et al., 

2017; Fishman et al., 2018), bacterial swarming of the WT and mutant strains after 16 h was 

assessed. Inactivation of PsPto-pscA reduced swarming motility compared to the WT (Figure 

20). 

 

Figure 20. Impact of PsPto-pscA mutation on swarming motility. Five replicates of each strain were 

placed onto a single plate and examined after 16 h. (A) Photographs of representative swarm colonies. 

(B) Quantification of the lateral colony surface area in digital images of the colonies. Shown are means 

and standard errors from three independent experiments. GzLM analysis was performed, followed by 

Student’s t test (****, p < 0.001). 

 

PsPto-pscA mutant presents increased intracellular levels of c-di-GMP  

The role of c-di-GMP in the transition between motile and sessile lifestyles has been well 

documented in many bacteria (Simm et al., 2004; Römling et al., 2013; Valentini and Filloux, 

2016) and was also found associated with the inverse regulation of biofilm formation and 

swarming in species like P. aeruginosa, Vibrio parahaemolyticus (Kim and McCarter, 2007; 

O'Toole and Wong, 2016), and P. syringae pv. tomato (Engl et al., 2014). Levels of c-di-GMP 
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were quantified in the WT and PsPto-pscA mutant strains by introducing them the plasmid 

pCdrA::gfpS, which harbors a transcriptional fusion of the c-di-GMP responsive cdrA promoter 

to a gene encoding green fluorescent protein (Rybtke et al., 2012). The fluorescence intensity 

of the reporter correlates with the intracellular c-di-GMP levels. The resulting strains were 

grown on agar plates for 24 h and subsequently analyzed by fluorescence microscopy, 

showing that the fluorescence intensity was significantly higher in the PsPto-pscA mutant than 

in the WT strain (Figure 21). The complementation of the mutant with the PsPto-pscA gene 

resulted in reduced c-di-GMP levels (Supplementary Figure 3). The increased c-di-GMP level 

in the mutant strain is in accordance with its enhanced biofilm formation and the reduced 

swarming phenotype. Moreover, the addition of saturating concentrations of PsPto-PscA 

ligands caused an increase in the c-di-GMP levels in the WT strain on an order similar to that 

found in the mutant strain (Figure 21). 

 

 

 

Figure 21. Effect of PsPto-pscA ligands on c-di-GMP levels. Fluorescence intensities of strains 

harboring the c-di-GMP biosensor plasmid pCdrA::gfpS grown in M9 medium supplemented with D-Asp 

(A), L-Asp (B), and L-Glu (C) were determined. Shown are means and standard errors from three 

independent experiments. ANOVA was performed, followed by Fisher’s LSD test (*, p < 0.05). A.U., 

arbitrary units. 

 

PsPto-PscA chemotaxis is controlled by the chemotaxis cluster I 

As it has been mentioned in the previous section, chemotaxis cluster I is assigned to the F6 

chemosensory system (Table 5). In order confirm this chemosensory system is involved in 

chemotaxis, a mutant of the CheA assigned to this system (PSPTO_1982 or cheA2) was 

obtained, PsPto-cheA2. This mutant lost the chemotactic response to serine, spermidine, and 

succinic acid, three chemoeffectors of PsPto that are not perceived by PsPpto-pscA (Figure 

22). In addition, chemoattraction to the ligands perceived by PsPto-pscA was lost in this mutant 

(Figure 23 A), confirming PsPto-PscA signaling is mediated by this system. This mutant also 

showed significantly higher c-di-GMP levels than the WT strain (Figure 23 B).  
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Figure 22. Quantitative assay of capillary chemotaxis of P. syringae pv. tomato (WT) and 

the cheA2 mutant (PsPto-cheA2) towards L-Ser, spermidine, and succinate at 1 and 5 mM. The 

data have been corrected with the number of cells that swam into buffer-containing capillaries. Shown 

are means and standard errors from three independent experiments conducted in triplicate. Generalized 

linear models (GzLMs) were performed, followed by Fisher’s least significant difference (LSD) test (*, 

p < 0.05). 

 

 

Figure 23. Effect of PsPto-PscA ligands on chemotaxis and c-di-GMP levels in the cheA2 mutant. 

(A) Quantitative capillary chemotaxis assay of P. syringae pv. tomato (WT) and the cheA2 mutant 

(PsPto-cheA2). (B) Fluorescence intensity of strains harboring the c-di-GMP biosensor plasmid 

pCdrA::gfpS. Shown are means and standard errors from three independent experiments conducted in 

triplicate. GzLM analysis was performed, followed by Student’s t test (*, p >0.05; ****, p < 0.001). 

 

PsPto-PscA function controls virulence of P. syringae pv. tomato in tomato plants 

The decreased swarming motility and increased c-di-GMP levels of the PsPto-pscA mutant 

may potentially affect virulence. To test this hypothesis, virulence assays were performed in 

which leaves of tomato plants were inoculated with the WT and mutant strains. At 6 days 

postinoculation, bacterial populations were quantified. Data showed significant reductions in 

both symptom development and bacterial populations for the PsPto-pscA mutant compared to 

the WT strain. A complemented PsPto-pscA mutant strain restored virulence to WT levels 

(Figure 24 A and B). 
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In subsequent studies, bacterial pathogenicity in the presence of the PsPto-PscA ligands was 

analyzed. Chemotaxis is based on a ligand gradient covering the chemoreceptor response 

range, and chemoreceptor saturation with the ligand will prevent taxis. Therefore, these assays 

were performed in the presence and absence of saturating concentrations of D-Asp, L-Asp, 

and L-Glu. Tomato leaves were spray inoculated with a bacterial suspension with or without 1 

mM amino acid. As control, plants were inoculated with bacteria containing 1mM L-Arg or D-

Glu, compounds to which P. syringae pv. tomato does not show chemotaxis (data not shown). 

After 6 days postinoculation, dramatic reductions in both symptom development and bacterial 

populations were observed for the plants inoculated with a bacterium–D-Asp mixture 

compared to plants inoculated without D-Asp (Figure 24 C and D). In contrast to the drastic 

decreases in symptom development and leaf colonization that occurred in the presence of D-

Asp, only a slight reduction was observed when D-Glu was added to the inoculum. Moreover, 

the presence of L-Arg, L-Asp, and L-Glu did not alter disease development. As expected, the 

PsPto-pscA mutant strain was impaired in its virulence despite the addition of L-amino acids 

to the inoculum (Figure 24 C and D). 

 

 

 

Figure 24. PsPto-PscA is required for the full virulence of P. syringae pv. tomato. (A) Virulence 

of P. syringae pv. tomato WT, mutant (PsPto-pscA), and complemented (PsPto-pscA-Comp) strains. 

(B) Plant colonization based on bacterial population sizes in tomato leaves at 6 days postinoculation, 

after spray inoculation of bacterial suspensions (108 CFU/ml). Shown are means and standard errors of 

three independent biological replicates (n = 3). ANOVA was performed, followed by Fisher’s LSD test 

(*, p < 0.05). (C) Virulence of P. syringae pv. tomato (WT) and a PsPto-pscA mutant when the indicated 

amino acids were added to the bacterial suspension before infection. (D) Plant colonization based on 

bacterial population sizes in tomato leaves at 6 days postinoculation, after spray inoculation of bacterial 

suspensions (108 CFU/ml), in the presence of the indicated amino acids. Shown are means and 

standard errors from three independent biological replicates (n = 3). GzLM analysis was performed, 

followed by Fisher’s LSD test (*, p < 0.05). 
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2.3 Discussion 

Knowledge on the function of chemoreceptors in plant-pathogenic bacteria is scarce. In this 

work, we have identified the ligands of the PsPto-PscA chemoreceptor and demonstrated that 

it exerts multiple functions. Apart from mediating chemotaxis, this receptor was shown to be 

involved in regulating c-di-GMP levels, which was reflected in associated phenotypic 

manifestations such as changes in biofilm formation or swarming motility. Furthermore, PsPto-

PscA was also involved in controlling P. syringae pv. tomato virulence. 

This chemoreceptor binds specifically to D/L-Asp and L-Glu and signaling through PsPto-PscA 

affects bacterial virulence in host plants. This ligand specificity is underlined by the observation 

that the D-Asp homologue L-tartrate, which is present in plants, failed to bind to PsPto-PscA, 

and hence, chemotaxis to L-tartrate was not altered in the PsPto-pscA mutant (Supplementary 

Figure 1). PsPto-PscA contains a dCache LBD; a significant number of dCache-containing 

chemoreceptors have been reported so far, and many of them are characterized by a broad 

ligand spectrum since they recognize almost all proteinogenic amino acids. Representative 

members of this family include the chemoreceptors PctA of Pseudomonas aeruginosa (Rico-

Jiménez et al., 2013; Taguchi et al., 1997), McpU of Sinorhizobium meliloti (Webb et al., 

2017a), McpC of Bacillus subtilis (Glekas et al., 2012), McpX of Vibrio. cholerae (Nishiyama et 

al., 2012), and CtaA and CtaB of Pseudomonas fluorescens (Oku et al., 2012). In marked 

contrast is PsPto-PscA, which has a very narrow ligand range and recognizes only three acidic 

amino acids. Determination of the chemotactic response upon ligand perceptions by FRET 

assays, a highly sensitive technique, shows perception of this chemoreceptor to D/L-Asp and 

L-Glu is very sensitive, as it has been observed in chemoreceptors with a narrow ligand range 

(Reyes-Darias et al., 2015b). This assay allowed an accurate determination of the 

concentration required for chemotactic system saturation, 10 µM for the three ligands.  

As stated previously, PsPto encodes 4 major chemotaxis clusters. A central question in signal 

transduction research resides in establishing whether there is any functional cross talk 

between these multiple copies of homologous signal transduction systems. Cross talk, while 

usually considered undesired in the evolution of protein-protein interactions, might be 

beneficial as a result of an evolutionary response to a given environmental situation. Most 

information on cross talk comes from studies of TCSs (Capra and Laub, 2012), and information 

in chemosensory pathways is scarce (Huang et al., 2019a; Orillard and Watts, 2021). Mutation 

of PsPto-pscA increases biofilm formation (Figure 19) and decreases swarming motility (Figure 

20), which are phenotypes most likely caused by the increase in c-di-GMP levels observed in 

this mutant (Figure 21). Furthermore, mutation of PsPto-cheA2 of the chemotaxis pathway 

generates a dramatic reduction in taxis to several compounds, including the PsPto-PscA 

ligands, and an increase in c-di-GMP levels. These data are in accordance with the assignment 

of cluster I as the cluster involved in chemotaxis, and in addition suggest that stimulation of 

PsPto-CheA2 modulates c-di-GMP levels. The fact that CheA2 modulates c-di-GMP levels 

shows that the chemotaxis pathway of P. syringae pv. tomato is not an insulated pathway but 

interacts with different signaling systems, such as the one governing biofilm formation. Cluster 

III of P. syringae pv. tomato encodes components of the Wsp pathway, which is involved in c-

di-GMP levels modulation in response to signals related to the physical media and surface 

growing that have not been yet identified (Hickman et al., 2005). In the present case, we 

hypothesize that PsPto-PscA likely interacts with CheA2, which, however, would signal to its 
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cognate receptor CheY2 as well as to the CheY homologue of the Wsp pathway, WspR. CheY2 

of P. syringae pv. tomato is a receiver-domain-only response regulator that is likely to interact 

in its phosphorylated state with the flagellar motor causing taxis. WspR of PsPto is a response 

regulator with a GGDEF diguanylate cyclase domain. Studies in P. aeruginosa and P. syringae 

pv. tomato have shown that WspR phosphorylation alters the catalytic activity of its GGDEF 

domain (Huangyutitham et al., 2013) and is involved in bacterial virulence (Pfeilmeier et al., 

2016). 

Interference of chemotaxis has been proposed to be a strategy to fight bacterial pathogens 

(Erhardt, 2016). Chemotaxis is required for localizing to plant openings in order to enter the 

plant and establish bacterial infection. We show in this work that saturating PsPto-PscA with 

D-Asp reduced bacterial infection, which is most likely due to a reduction in chemotaxis toward 

plant openings. However, the addition of L-Asp and L-Glu did not cause any significant effect 

on virulence. This may seem to be contradictory at first sight, but unlike L-Asp and L-Glu, D-

Asp cannot be metabolized (Supplementary Figure 4 A), whereas both L-enantiomers are 

efficiently used as nutrients (Supplementary Figure 5 A and B). In addition, D-Asp presents no 

toxicity to the bacteria (Supplementary Figure 4 B). Metabolization of these compounds leads 

to the formation of a compound gradient, which in turn induces an additional chemotactic 

response. One may argue that growth promotion by L-Asp and L-Glu may cancel out the 

negative effect that these ligands had on virulence (as observed with D-Asp). However, L-Arg, 

a compound that also stimulates P. syringae pv. tomato growth (Supplementary Figure 5 C 

and D) but is not a ligand of PsPto-PscA, did not produce significant effects on virulence. This 

result indicates that although P. syringae pv. tomato can grow on L-amino acids, the 

corresponding increase in cell density is rather modest. Moreover, the addition of other D-

amino acids like D-Glu, which is not a P. syringae pv. tomato chemoattractant and is not used 

as energy source (Supplementary Figure 5 C and D) caused only minor reductions in symptom 

development and leaf colonization, which is in marked contrast to the severe effects observed 

in the presence of D-Asp. Taken together, these data show that D-Asp, under saturating 

conditions, reduces virulence in a specific manner. Therefore, the addition of nonmetabolizable 

chemoeffectors may be an alternative to inhibit bacterial entry into plants.  
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3. Role of ABF-20167 chemoreceptor of Dickeya dadantii 3937 in jasmonic 

acid perception and virulence 

3.1 Introduction 

Dickeya dadantii 3937 belongs to the enterobacterial pathogens known as “soft rot group” 

because they cause maceration of plant tissues by producing cell-wall degrading enzymes 

(CWDE) (Charkowski et al., 2012). This bacterium presents a wide host range, affecting crops 

such as potato and maize (Reverchon and Nasser, 2013). During the infection process, 

bacteria adhere to the plant surface and enter the apoplast through natural openings or wounds 

(Antúnez-Lamas et al., 2009a). Once inside, it must survive the apoplast stressful conditions 

by producing siderophores, antioxidants and efflux pumps to resist antimicrobial compounds. 

If conditions are optimal, bacteria multiply aggressively and secrete cell wall degrading 

enzymes, producing tissue maceration (Reverchon and Nasser, 2013). The infection process 

requires an exquisite coordination of all factors involved, as well as strong capacity to sense 

and respond to stimuli derived from the plant and the environment (Leonard et al., 2017).  

D. dadantii 3937 shows chemotaxis to sugars, amino acids, xylose and the plant hormone 

jasmonic acid (JA) (Antúnez-Lamas et al., 2009a, b; Rio-Alvarez et al., 2015). Analysis of the 

loss of chemoattraction of individual mutants of chemoreceptors of D. dadantii 3937 to different 

compounds suggests chemoreceptors ABF-46680 and ABF-20167 are involved in xylose and 

jasmonic acid perception, respectively. Mutation of these chemoreceptors produces a 

reduction in the entry levels of the bacteria in wounded leaves of Arabidopsis thaliana (Rio-

Alvarez et al., 2015). The chemoreceptors involved in sugars and amino acids perception have 

not been assigned. 

Jasmonic acid is a phytohormone involved in development and response to biotic and abiotic 

stresses (Wasternack and Hause, 2013). Upon mechanical wounding or herbivores attack, JA 

is rapidly accumulated in the wounded area, activating the expression of genes involved in the 

plant defensive response (Taurino et al., 2014; Ruan et al., 2019).  

In this work, to determine the role of perception mediated by the chemoreceptor ABF-20167 in 

bacterial entry into the plant, the abf-20167 mutant strain ability to enter wounded leaves was 

assessed in two plant models, Arabidopsis thaliana and Solanum tuberosum, as well as in 

transgenic lines of both plants that present an impaired JA production. In addition, the sensing 

mechanism of chemoreceptor ABF-20167 to JA was studied using different approaches. 

Finally, to determine the influence of JA perception in the regulation of the expression of genes 

involved in virulence, their expression profile was analyzed in the presence of JA in the WT 

and abf-20167 mutant strains. 
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3.2 Results 

Mutation of abf-20167 gene reduces chemotaxis to jasmonic acid and coronatine 

To determine the chemotactic response of D. dadantii 3937 to JA, quantitative capillary assays 

were conducted at 1 and 5 mM. Chemoattraction of D. dadantii 3937 to 1 mM is stronger than 

to 5 mM (Figure 25 A), suggesting that at concentrations higher than 1 mM, JA chemoreceptor 

saturates, thus presenting less attraction. Chemoattraction of mutant strain abf-20167 to JA at 

1 mM is significantly reduced and completely abolished at 5 mM (Figure 25 A). Coronatine is 

a structural mimic of JA-Ile produced by some pathovars of P. syringae (Xin et al., 2018) and 

perceived by the plant receptors of JA (Katsir et al., 2008), triggering JA-mediated plant 

response (Geng et al., 2014). To assess if D. dadantii 3937 is able to perceive a molecule with 

such structural resemblance to JA, capillary assays were conducted at 0.05 and 0.5 mM 

(Figure 25 B). Bacteria presents chemoattraction to 0.5 mM of coronatine similar to 1 mM JA, 

which was completely abolished in the abf-20167 strain (Figure 25 B).  

 

 

Figure 25. Quantitative assay of capillary chemotaxis of D. dadantii 3937 (WT) and abf-20167 

mutant strain. (A) Towards jasmonic acid at 1 and 5 mM. (B) Towards coronatine at 0.05 and 0.5 mM. 

The data have been corrected with the number of cells that swam into buffer-containing capillaries. 

Shown are means and standard errors from three independent experiments conducted in triplicate. 

Generalized linear models (GzLMs) were performed, followed by Fisher’s least significant difference 

(LSD) test (****, p< 0.001). 

 

Jasmonic acid and coronatine do not bind directly to the recombinant LBD of ABF-20167  

To determine if ABF-20167 binds JA directly via the LBD, this domain was expressed and 

purified to perform ligand-binding assays. This MCP presents a 4HB LBD, which requires the 

purification of recombinant protein at high concentration to ensure optimal dimerization and 

ligand binding (Fernández et al., 2016b). For optimal purification, cloning of the LBD fused to 

an N-terminal His-tag in the expression vector pET28b was designed. To ensure high 

expression levels of the recombinant LBD, a codon-optimized version of the LBD nucleotide 

sequence was purchased cloned in the expression vector. Recombinant 20167-LBD was 

purified from the soluble protein fraction using affinity chromatography and submitted to 

thermal shift assays. The Tm of the ligand-free recombinant LBD was 35ºC, and the thermal 
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unfolding was observed for the recombinant LBD in the absence and presence of JA and 

coronatine. In the presence of both ligands, the same unfolding and Tm was observed as in 

their absence, discarding binding of these compounds to the recombinant LBD (Figure 26). To 

confirm these results, recombinant LBD was submitted to ITC, a more sensitive ligand binding 

assay. The titration of recombinant LBD with JA (Figure 27 A) and coronatine (Figure 27 B) 

caused uniform heat changes similar to ligand dilution heats, confirming absence of binding to 

these compounds. 

 

 

Figure 26. Thermal unfolding monitored by differential scanning fluorimetry of recombinant 

20167-LBD in the absence of ligands (blue), presence of JA (orange) and coronatine (grey). 

 

 

Figure 27. Microcalorimetric titration of recombinant 20167-LBD at 75 μM. (A) In the presence of 

JA 0.7 mM and (B) coronatine 0.25 mM. (Top) Titration raw data for the injection of 75 μM 20167-LBD. 

(Bottom) Integrated, dilution heat-corrected, and concentration-normalized peak areas fitted with the 

one-binding-site model of ORIGIN. 
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ABF-20167 does not bind JA through the transmembrane or the cytoplasmic regions 

The results obtained by Thermal shift and ITC discard a direct perception of JA and coronatine 

by the LBD. To assess a possible role of the transmembrane or the cytoplasmic regions of the 

receptor in perception, FRET assays were performed. This assay allows a sensitive 

measurement of the chemotactic response upon ligand binding in E. coli. By designing 

chimeras of the Tar chemoreceptor of E. coli cytoplasmic domain and the LBD of a foreign 

chemoreceptor, this response has been determined for MCPs from different bacteria (Reyes-

Darias et al., 2015a, b; Bi et al., 2016). The work of Bi et al. (2016) establishes some general 

guidelines for chimera’s design, showing that chimeras with fusion point within the TM2 helix, 

the HAMP domain and at the beginning of the MH1 bundle are functional.  

Following these guidelines three chimeras were designed; the fusion point of the N-terminal 

region of ABF-20167 to the C-terminal of Tar differed in these chimeras. Chimera A presented 

the fusion point in the TM2 region of Tar, chimera B in the second helix (AS2) of the HAMP 

domain of Tar and chimera C near the beginning of the MH1 bundle subdomain of Tar (Figure 

28).  

 

Figure 28. Schematic representation of ABF-20167-Tar chimeras. (A) Representation of Tar and 

20167 chemoreceptors and (B) Representation of the three chimeras built. Below each chimera are 

shown the sequence alignment of the region where chemoreceptors are fused. Fusion sites between 

ABF-20167 and Tar are shown in red and green, respectively. LBD stands for ligand binding domain, 

MH1 stands for methylation helix bundle 1, H stands for HAMP domain, KCM for kinase control module 

and the blue and black lines represent the transmembrane regions. 
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Sugar uptake mediated by the phosphotransferase system (PTS) regulates the activity of 

CheA, which propagates the signal to the methylation helix bundle of the receptor (Neumann 

et al., 2012). This reaction provokes a measurable response by FRET that was used as control 

to determine chimeras were functional since the three chimeras presented the MH bundle 

subdomain of Tar. The three chimeras present a similar response to glucose 100 µM at the 

beginning of every experiment (Figure 29), indicating they are functional. Addition of JA 

produced no chemotactic response in these chimeras, thus discarding perception of JA by 

these regions (Figure 29).  

 

 

Figure 29. Response of Escherichia coli harboring each chimera towards JA. Response of chimera 

A, B and C to JA. Buffer-adapted cells were stimulated with step-like addition and subsequent removal 

of compounds, indicated by downward and upward arrows, respectively.  

 



Results – Section 3 

 86   
 

ABF-20167 presents diminished entry in A. thaliana and S. tuberosum but this difference is 

abolished in JA-defective transgenic lines of these plants 

Jasmonic acid is involved in plant response to physical damage, and Dd3937 perception of JA 

enables bacterium entry into the plant (Antúnez-Lamas et al., 2009b). Upon wounding, A. 

thaliana presents a 100-fold increase in JA concentration, reaching the peak between 30 

minutes and one hour after wounding (Park et al., 2002). The transgenic line aos is a knock-

out mutant of allene oxide synthase gene (AOS), an enzyme involved in JA biosynthesis. In 

this transgenic line, the increase in JA concentration upon wounding is abolished (Park et al., 

2002). Previous results showed that Dd3937 presented reduced entry in aos line compared to 

wild-type A. thaliana (Antúnez-Lamas et al., 2009b), supporting the notion that JA’s perception 

plays a role in bacterial entry. Solanum tuberosum presents a 200-fold increase in JA 

concentration in the same time lapse as A. thaliana upon wounding (Taurino et al., 2014). S. 

tuberosum encodes two isoforms of the aos gene: aos1 is rapidly expressed in wounded 

leaves and aos2 is expressed later in wounded and distal leaves. In response to mechanical 

damage, the production of JA in two transgenic lines that present these isoforms co-

suppressed (CoAOS1/2A and CoAOS1/2B) was reduced three times compared to wild-type 

plant (Taurino et al., 2014). 

The role of JA perception by ABF-20167 in bacterial entry into the plant was studied in these 

two plant models, Arabidopsis thaliana (Figure 30 A) and Solanum tuberosum (Figure 30 B). 

In addition, the entry assays were performed in transgenic lines aos of A. thaliana (Figure 30 

A) and CoAOS1/2 A and B of S. tuberosum (Figure 30 B). In wild-type lines of both plants, abf-

20167 mutant strain presents a reduced entry compared to wild-type strain, but this differential 

entry is abolished in the transgenic lines (Figure 30 A and B). The results obtained in these 

plant models and their transgenic lines highlight the importance of JA perception for bacterial 

detection of entry sites and the role of ABF-20167 in this perception.  

 

 

Figure 30. Entry assays of Dickeya dadantii 3937 (Dd3937) and abf-20167 mutant. (A) Assay 

performed in A.thaliana wild-type and aos transgenic line (B) Assay performed in S. tuberosum wild-

type and CoAOS1/2A and B transgenic lines. Shown are means and standard errors from three 

independent biological replicates (n = 3). ANOVA was performed, followed by Fisher’s LSD test 

(*, p < 0.05).  

 

 



Results – Section 3 

 87   
 

Analysis of the expression of genes in response to the perception of jasmonic acid 

Transcriptomics analysis of D. dadantii 3937 strain tested in the presence of JA performed by 

Antúnez-Lamas et al. (2009b) revealed the differential expression of genes involved in 

detoxification (emrA, yhbW), plant cell wall degradation (bgxA) and resistance to stress (dps, 

yghU, yqhD, hybO, hypE) in response to 1 mM of JA. 

To determine if the differential expression of these genes was mediated upon ABF-20167 

perception of JA, we first determined the fold change of these genes in the presence or 

absence of JA in the WT strain under the same conditions as Antúnez-Lamas et al. (2009b). 

Genes emrA, dps and bgxA are up-regulated, and genes hybO and hypE are down-regulated. 

No changes in the expression of genes yqhD and yghU was observed (Figure 31 A and Table 

8).  

 

Table 8. Changes in the expression of genes in the presence of jasmonic acid. In bold, differentially 

expressed genes. 

ASAP ID Gene Function Fold change 

ABF-15971 emrA Multidrug-resistance protein 3.58 

ABF-16533 yqhD Alcohol dehydrogenase 1.30 

ABF-17346 hybO Ni-Fe hydrogenase 0.68 

ABF-17361 hypE Hydrogenase 0.59 

ABF-18104 yhbW Oxidorreductase 0.69 

ABF-18914 dps Ferritin 1.69 

ABF-20203 bgxA Glucosidase/Xylosidase 2.24 

ABF-20740 yghU Glutathione S-transferase 1.42 

 

Genes that presented differential expression in the presence of JA were selected for 

subsequent analysis. Their expression in the abf-20167 mutant treated with JA was compared 

with the WT strain treated with JA. Genes bgxA and hybO present a differential expression, 

suggesting that perception of JA by chemoreceptor ABF-20167 is involved in the control of the 

expression of these genes (Figure 31 B).  
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Figure 31. Expression of genes evaluated by RT-qPCR. (A) Expression of genes in D. dadantii 3937 

in the absence (blue) and in the presence (orange) of jasmonic acid. (B) Expression of genes in the 

presence of JA in D. dadantii 3937 (black) and abf-20167 mutant (white). Data represent the means and 

standard errors of three biological replicates (n = 3). Values that are significantly different are indicated 

by an asterisk (*, p < 0.05). 

 

In addition to the genes analyzed by Antúnez-Lamas et al. (2009b), the expression of genes 

involved in chemotaxis was studied in the presence of JA. Dd3937 presents one chemotaxis 

cluster that encodes 9 chemotaxis genes (Figure 12). Operon prediction (Price et al., 2005) 

divided this cluster in three operons and one representative of each operon was selected: 

cheA, cheZ and the MCP encoded in the cluster abf-18754. In addition, abf-20167 was 

selected to study expression changes in the presence of JA in the WT strain. Analysis of gene 

expression reveals cheA, cheZ and abf-20167 are down-regulated in the presence of JA in the 

WT strain, whilst the expression of the MCP abf-18754 was not altered in the presence of JA 

(Figure 32 A). Subsequent analysis show cheZ expression is mediated by ABF-20167 

perception of JA whilst cheA expression is not (Figure 32 B). 
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Figure 32. Expression of chemotaxis genes evaluated by RT-qPCR. (A) Expression in the absence 

(blue) and in the presence (orange) of jasmonic acid in Dd3937. (B) Expression in the presence of JA 

in D. dadantii 3937 (black) and abf-20167 mutant (white). Data represent the means and standard errors 

of three biological replicates (n = 3). Values that are significantly different are indicated by an asterisk 

(*, p < 0.05). 

 

An additional set of genes involved in Dd3937 virulence was analyzed in the presence of JA. 

During the infection process, the response to environmental conditions and the expression of 

virulence genes is strictly regulated at a transcriptional and post-transcriptional level 

(Reverchon et al., 2016; Leonard et al., 2017; Reverchon et al., 2021). Chromosomal DNA 

topology plays a role in the coordination of virulence gene expression. During the early and 

intermediate stages of infection, i.e, colonization of the plant apoplast by the bacteria, 

chromosomal DNA presents a relaxed topology. On the contrary, during late stages of 

infection, i.e., maceration of the plant tissues; DNA presents a supercoiled topology (El 

Houdaigui et al., 2019; Reverchon et al., 2021). The DNA gyrase gyrA, involved in introducing 

supercoils (El Houdaigui et al., 2019) was selected for analysis. The T3SS and the hairpin 

HrpN have been reported to play a role in the intermediate and late stages of the infection 

process (Yang et al., 2002; Reverchon and Nasser, 2013). Bacterial virulence correlates with 

the ability to produce CWDE during the late stages of infection, including the pectate lyases 

PelA, PelB, PelC, PelD, PelE, and PelZ (Reverchon et al., 2016). For gene expression 

analysis, the gene encoding the hairpin hrpN was selected together with pectate lyases pelA, 

pelD and pelC encoding genes. 
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The expression of pectinases and the T3SS is controlled by a network that involves 

osmoregulated periplasmic glucans (OPGs), the Rsm system, the RcsCD-RcsB TCS and the 

degradation of c-di-GMP by CsrD (Wu et al., 2014; Reverchon et al., 2016; Leonard et al., 

2017). For this reason, the gene opgH, involved in OPG synthesis, together with rsmB, rcsC 

and csrD were also selected for analysis. 

In the presence of JA in the WT strain the expression of all the previously selected genes was 

down-regulated, with the exception of pelA, pelC and csrD, whose expression was not altered 

(Figure 33 A). Subsequent analysis of the genes with an altered expression shows that gyrA 

and pelD expression is mediated by ABF-20167 perception of JA (Figure 33 B). 

 

 

Figure 33. Expression of virulence genes evaluated by RT-qPCR. (A) Expression in the absence 

(blue) and in the presence (orange) of jasmonic acid in Dd3937. (B) Expression in the presence of JA 

in D. dadantii 3937 (black) and abf-20167 mutant (white). Data represent the means and standard errors 

of three biological replicates (n = 3). Values that are significantly different are indicated by an asterisk 

(*, p < 0.05). 
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3.3 Discussion 

Jasmonic acid is a phytohormone involved in plant growth, development, and response to 

stress (Wasternack and Hause, 2013). In response to mechanic damage and herbivores 

attack, the plant rapidly increases the production of JA in the wounded area (Park et al., 2002; 

Koo et al., 2009; Suza et al., 2010; Taurino et al., 2014). Dickeya dadantii 3937 is able to 

perceive JA to detect entry sites in the plant (Antúnez-Lamas et al., 2009b). Based on the loss 

of chemoattraction to JA of the mutant strain of chemoreceptor ABF-20167, this MCP was 

proposed as the putative JA receptor (Rio-Alvarez et al., 2015).  Sequence alignment of the 

LBD of this chemoreceptor present high sequence identity with chemoreceptors present 

exclusively in phytopathogenic bacteria, such as R. solanacearum, P. syringae, P. savastanoi, 

Erwinia tracheiphila, E. amylovora and members of Xanthomonas (Supplementary Table 2). 

In addition to Dd3937, chemotaxis towards JA was tested in P. savastanoi pv. savastanoi, 

Agrobacterium tumefaciens C58, Erwinia amylovora, PsPto and E. coli K12, observing 

chemoattraction only in P. savastanoi pv. savastanoi (Antúnez-Lamas et al., 2009b).  

Chemoreceptor TlpQ of P. aeruginosa is the only chemoreceptor to date that has been 

assigned to the perception of a hormone, ethylene (Kim et al., 2007). In this study, it is shown 

that the mutation of tlpQ reduced bacterial perception of ethylene. Ligand binding assays of 

the LBD of TlpQ discard a direct perception mechanism to this hormone (Corral-Lugo et al., 

2018). A non-chemotactic perception of hormones was observed in Serratia plymuthica A153. 

In this bacterium, the transcriptional activator AdmX binds auxin, activating antibiotics 

production (Matilla et al., 2018).  

In this work, based on the loss of chemoattraction in capillary assays of the mutant abf-20167, 

we identify the phytotoxin coronatine as a putative ligand of ABF-20167 in addition to JA. 

Coronatine is a structural mimic of JA-Ile produced by some P. syringae pathovars (Xin and 

He, 2013). 

To determine the binding mechanism and parameters of JA perception by this chemoreceptor, 

the LBD was expressed and purified. Thermal shift and ITC assays show an absence of direct 

binding of the recombinant LBD to JA, which discards the involvement of this domain in JA 

perception. Besides from the LBD, other regions of the chemoreceptor can be involved in 

signal perception. In E. coli, chemoreceptor Tar perceives Ni2+ through the HAMP domain (Bi 

et al., 2018), and the chemoreceptor Tsr perceives phenol through the transmembrane region 

and the HAMP domain (Pham and Parkinson, 2011). To assess a possible perception of JA 

by the HAMP or the transmembrane domain of ABF-20167, the chemotactic response in the 

presence of JA was studied by FRET assay. This assay requires the construction of protein 

chimeras that present the foreign chemoreceptor region to study fused to the kinase control 

module of Tar. FRET assays were performed with chimeras that presented the HAMP and TM 

domain of ABF-20167. In all cases no chemotactic response was observed in the presence of 

JA. 

In E. coli, the periplasmic protein LsrB is involved in Tsr chemoreceptor perception to 

autoinducer-2 (Hegde et al., 2011). P. aeruginosa present almost 100 periplasmic proteins, 

and experimental analysis of 15 of them demonstrated they bind amino acids, sugars, 

inorganic anions, peptides and polyamines (Fernández et al., 2019). One of these periplasmic 

proteins, PstS, is involved in the perception of inorganic phosphate (Pi) of the chemoreceptor 
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CtpL (Rico-Jimenez et al., 2016). The loss of chemoattraction to JA in the mutant strain and 

the absence of binding to JA observed in Thermal shift, ITC and FRET could be explained by 

the existence of a periplasmic binding protein that act as an intermediary between JA and ABF-

20167. In A. thaliana, JA enters the cytoplasm and nucleus through JAT1, a high affinity ABC-

2 type family transmembrane transporter (Wang et al., 2019). Sequence alignment of this 

transporter with the genome of Dd3937 gives several hits, and the higher sequence identity 

(30%) corresponds to three non-transmembrane proteins (ABF-14998, ABF-15239 and ABF-

18918) (Supplementary Figure 6), which could be interesting candidates to mediate JA 

perception.  

Entry assays performed in two plant models, A. thaliana and S. tuberosum, show that signals 

perceived by ABF-20167 enable bacterial entry into the plant, since the mutant strain 

presented a reduced entry in both plant models. These assays were also performed in 

transgenic lines of these plants that were unable to produce JA in response to wounds. In this 

scenario, levels of bacterial entry of the WT and abf-20167 mutant strains into the plant were 

similar, supporting the assignment of ABF-20167 as the chemoreceptor involved in JA 

perception.  

To study the role of JA perception in the expression of genes involved in resistance to stressful 

conditions, chemotaxis, the formation of the T3SS and the production of CWDE, genes 

involved in these processes were selected, and their expression analyzed.  

The perception of a concentration of JA of 1mM could be interpreted by the bacteria as a signal 

that it is either located in the entry site or entering the plant tissue. The up-regulation of genes 

dps and emrA is in agreement with Antúnez-Lamas et al. (2009b) results and indicates that JA 

perception regulates the expression of genes involved in the adaptation to the apoplast 

environment. These conditions include oxidative stress, acidic pH, presence of antimicrobial 

compounds, among others (Reverchon and Nasser, 2013; Reverchon et al., 2016). The up-

regulation of bgxA, a glucosidase/xylosidase, is also observed in this work, however at first it 

seems contradictory, since hydrolytic enzymes are expressed in the late stages of infection 

(Reverchon and Nasser, 2013; Reverchon et al., 2016). The role of this enzyme in virulence 

remains unclear, its mutation did not alter bacterial virulence in corn, and it has been suggested 

to play a role during the saprophytic stage of Dd3937 (Vroemen et al., 1995). Expression of 

genes yqhD, yhbW, hybO, hypE and yqhU is not altered in the presence of JA. These genes 

are involved in bacterial protection to oxidative stress (Reverchon et al., 2016; Leonard et al., 

2017), as it is dps. However, the increased expression of these genes could be under the 

control of other concomitant signals during the infection.  

Down-regulation of chemoreceptors encoding genes in the presence of their cognate ligand 

has been observed in P. aeruginosa (Wu et al., 2000) and P. putida (Lopez-Farfan et al., 2017), 

which could explain the reduced expression of abf-20167 gene. Though chemotaxis is 

important in the epiphytic phase and in the entry into the plant, once bacteria are inside the 

plant the role of this mechanism is minor. In individual mutants of cheB, cheW and cheZ of D. 

dadantii 3937, bacterial virulence was not affected when bacteria were inoculated directly in 

the potato tissue (Antúnez-Lamas et al., 2009a). 

The reduced expression of gyrA could suggest that chromosomal DNA presents a more 

relaxed topology, which has been observed in the early and intermediate stages of infection 
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(Reverchon and Nasser, 2013; Reverchon et al., 2021), though experimental data are required 

to confirm this result. The expression of pectate lyases and the hairpin hrpN genes is induced 

in the last stage of infection (Jiang et al., 2016; Leonard et al., 2017). In agreement with this 

expression pattern, in the presence of JA, which simulates an expression profile of the initial-

intermediate stages of infection, the expression of none of these genes is increased. 

Interestingly, perception of JA appears to be involved in the down-regulation of pelD and hrpN. 

The expression of T3SS and CWDE genes is up-regulated by the action of RsmB, OpgH, RcsC 

and CsrD (Wu et al., 2014). In accordance with the reduced expression of hrpN and pel genes, 

rsmB and opgH are down-regulated in the presence of JA (Figure 33 A). Perception of JA does 

not seem to be involved in the regulation of csrD expression. The reduced expression of rcsC, 

which down-regulates rsmB and the expression of CWDE and T3SS encoding genes, seems 

contradictory. However, the regulation of the members of this network occurs at the 

transcriptional and post-transcriptional levels (Wu et al., 2014), and the down-regulation of 

rscC is not the only factor involved in the expression of CWDEs and T3SS-related genes. 

From the 20 genes analyzed, which are involved in Dd3937 virulence and virulence regulation, 

a high number, 14, are up-regulated in vitro in the presence of JA. These results suggest that 

JA perception is important during the infection process, though further research is required in 

in vivo conditions, where integration of multiple signals take place. Gene expression analysis 

of the perception of JA in vitro in the abf-20167 mutant background reveals that the effect of 

JA in gene expression is produced through more than one signal perception mechanisms. This 

suggests the implications of other signal transduction systems independent from chemotaxis 

mediated by chemoreceptor ABF-20167. 
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Chemotaxis is a key requisite for efficient pathogenesis in plant pathogens (Matilla and Krell, 

2018). Chemoeffectors released by either plant wounds or stomata induce chemotaxis toward 

these openings, providing access to the apoplast to initiate plant infection. Most of the studies 

available have focused on the role of flagellar and chemotaxis signaling genes in bacterial 

virulence (Chesnokova et al., 1997; Yao and Allen, 2006; Antúnez-Lamas et al., 2009a; 

Kroupitski et al., 2009; Matilla and Krell, 2018). However, information regarding the diverse 

chemotaxis systems in phytopathogenic bacteria, the function of chemoreceptors and the plant 

signals perceived is scarce. 

In this thesis, we have performed a thorough analysis of the chemosensory system of two 

phytopathogenic bacteria, Dickeya dadantii 3937 and Pseudomonas syringae pv. tomato 

DC3000. In addition, two chemoreceptors, one from each bacterium, has been characterized 

to determine their ligand profile and role in bacterial virulence. 

Dd3937 and PsPto present 47 and 49 chemoreceptors, respectively. Previous analysis 

showed that bacteria with chemosensory genes present on average 14 chemoreceptors per 

bacteria (Lacal et al., 2010a). A recent study analyzed the number of chemoreceptors present 

in animal and plant bacterial pathogens, revealing that animal pathogens bacteria present on 

average a similar number of chemoreceptors, 17, as the average obtained by Lacal et al., 

2010a (Matilla and Krell, 2018). Analysis of phytopathogenic bacteria revealed these bacteria 

present 33 chemoreceptors on average. This result highlights the importance of chemotaxis 

for phytopathogenic bacteria pathogenesis, especially in the bacterial models studied in this 

thesis, that present more chemoreceptors than the average for phytopathogenic bacteria. 

Analysis of chemosensory systems and the presence of C-terminal pentapeptide in these 

bacteria shows two different scenarios. In D. dadantii 3937, chemotaxis genes are encoded in 

one gene cluster that belongs to the F7 systems and chemoreceptors with C-terminal 

pentapeptide are abundant in this bacterium. On the other hand, P. syringae pv. tomato 

presents 4 different chemosensory systems, from which only one has been demonstrated to 

regulate chemotaxis (Clarke et al., 2016; Cerna-Vargas et al., 2019) and only one 

chemoreceptor presents a C-terminal pentapeptide, PSPTO_0912. Dd3937 presents a wide 

host-range spectrum (Ma et al., 2007) and belongs to the Enterobacterales order. Members of 

this order present one of the highest abundance of chemoreceptors with C-terminal 

pentapeptide (Ortega and Krell, 2020) and have been described to present a single F7 

chemosensory system (Ortega et al., 2020). The host range of P. syringae is narrow if every 

pathovar is individually compared to Dd3937, and PsPto presents only one chemoreceptor 

with a C-terminal pentapeptide. Sequence alignment of PSPTO_0912 shows a high degree of 

sequence identity with chemoreceptors from other pathovars of P. syringae and different 

phytopathogenic Pseudomonads (Supplementary Table 3). No study has been made, to date, 

regarding a possible link between the number of chemoreceptors with C-terminal pentapeptide 

and the host range.  

Analysis of the species that present a chemoreceptor with ≥ 90% sequence identity with 

PSPT0_0912 reveals that all these bacteria present the F6, F8 and ACF system. These 

bacteria also present the Tfp system with the exception of two P. syringae pathovars 

(Supplementary Table 3). Most of the data regarding Pseudomonas chemotaxis comes from 

different strains of P. putida, P. aeruginosa and P. fluorescens (Sampedro et al., 2015). From 
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these strains, only P. fluorescens F113 presents a chemoreceptor that resembles 

PSPTO_0912, with a 81% of sequence identity (Supplementary Table 3). Interestingly, it is the 

only specie from that group that presents a F8 system. One possible explanation could be that 

this P. fluorescens strain acquired the F8 system by horizontal gene transfer, as it occurred in 

Rhodobacter spheroidea, which acquired a F8 system from an ancestral Ɣ proteobacterium by 

horizontal transfer (Poggio et al., 2007). Information regarding the F8 system is scarce, and in 

PsPto a role in chemotaxis was discarded, but a possible role in bacterial pathogenicity was 

observed (Clarke et al., 2016). The presence of this system in phytopathogenic Pseudomonas 

supports a possible role in pathogenicity (Supplementary Table 3). The high sequence identity 

observed suggest that these chemoreceptors could present a similar ligand profile. Therefore, 

the characterization of PSPTO_0912 could provide valuable information regarding the 

pathogenicity of phytopathogenic Pseudomonads. 

The gene encoding PSPTO_0912 is located in the chemotaxis cluster II, which does not 

encode a cheZ gene, involved in dephosphorylation of the response regulator CheY. This 

cluster encodes CheD but not CheC, which are the two auxiliary chemotaxis proteins involved 

in the control of CheY phosphorylation (Kristich and Ordal, 2002; Chao et al., 2006). Given this 

system is not involved in the control of chemotaxis, CheY does not interact with the flagellar 

motor. One interesting aspect to study regarding this system would be the determination of the 

proteins that interact with CheY, since it could not only explain the mechanism that controls 

the levels of phosphorylation of this protein, but also the possible connection between the F8 

system and different signal transduction systems of PsPto. 

The approaches to study the role of chemoreceptors with C-terminal pentapeptide in 

Dd3937and PsPto should be different considering the uneven distribution of the pentapeptide 

in these two bacteria. However, the first step is common for both bacteria and consist on the 

determination of the ligand profile of these chemoreceptors. Dd3937 presents one 

chemosensory system, thus the approach should focus on the abundance of chemoreceptors 

with C-terminal pentapeptide in the chemosensory arrays of this bacterium in the presence of 

host signals.  

In this thesis, two chemoreceptors have been characterized, chemoreceptor PsPto-PscA of 

PsPto, involved in the perception of D/L-Asp and L-Glu, and chemoreceptor ABF-20167 of 

Dd3937, involved in the perception of jasmonic acid and coronatine. None of them have a 

pentapeptide extension but they caught our attention for other reasons as it has been explained 

before. The amino acids perceived PsPto-PscA are the most abundant proteinogenic amino 

acids in plants (Tegeder and Rentsch, 2010; Kumar et al., 2017) and specifically in tomato 

apoplasts (Rico and Preston, 2008), one of the hosts of this bacterium. In addition, the 

presence, although in smaller amounts, of D-amino acids in plants has also been reported 

(Brückner and Westhauser, 2003) and was found to be due to the activity of plant racemases 

or the uptake of bacterium-derived amino acids from soil. The abundance of these ligands in 

tomato apoplast explains the importance of its highly specific perception for optimal infection. 

Apart from its abundance in apoplasts, aspartate also appears to be a relevant amino acid for 

bacteria since several other chemoreceptors have evolved to recognize it with high specificity. 

The Tar receptors of E. coli and S. enterica serovar typhimurium are the central model 

chemoreceptors to study chemotactic signaling. Both proteins were found to bind aspartate 

with high preference, and the obtained dissociation constants and sensitivity are very similar 
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to those obtained in this study for PsPto-PscA (Milligan and Koshland, 1993; Björkman et al., 

2001; Bi et al., 2018). Tlp1 (renamed CcaA) of the human pathogen Campylobacter pylori is 

an aspartate-specific chemoreceptor (Korolik, 2010) and was found to play an important role 

in virulence since experimentation with the mutant strain in different hosts resulted in a number 

of pathological changes in infection experiments (Hartley-Tassell et al., 2018). In Dd3937 a 

strong chemoattraction is also observed towards this amino acid (Antúnez-Lamas et al., 

2009b), and we are currently working on the determination of the chemoreceptor involved. 

Chemotaxis capillary assays show that perception to D-Asp and L-Glu is not completely 

abolished in the PsPto-pscA mutant, which suggest another chemoreceptor is involved in the 

perception of these amino acids. Given the aforementioned importance of these amino acids, 

it is not surprising to observe a redundancy in their perception. In P. aeruginosa, 

chemoreceptors involved in amino acid perception are the result of gene duplication from an 

ancestral amino acid chemoreceptor (Gavira et al., 2020). In this bacterium, gene duplication 

events from the ancestral chemoreceptor led to a neofunctionalization, i.e., changes in the 

ligand repertoire of the new receptor derived from changes in the sensory domain. A similar 

evolutionary process could have occurred in P. syringae pv. tomato. An interesting approach 

to confirm this hypothesis would consist on the determination of the ligand profile of the other 

three chemoreceptors that also present a dCache LBD to observe a possible overlapping of 

these profiles. Besides from chemotaxis, our results show PsPto-PscA is involved in the 

regulation of c-di-GMP levels. The chemotaxis cluster III of this bacterium encodes the Wsp 

system, which in P. aeruginosa is involved in the control of the levels of c-di-GMP (Hickman et 

al., 2005) and future studies regarding the cross talk of chemotaxis and regulation of c-di-GMP 

levels should focus on this cluster. 

Analysis of the amino acid sequence of the ABF-20167 LBD (the Dd3937 JA chemoreceptor) 

reveals sequence identity with chemoreceptors present only in phytopathogenic bacteria 

(Supplementary Table 2). When chemotaxis to JA was tested in some of these bacteria, 

chemoattraction was only observed in P. savastanoi pv. savastanoi, (Antúnez-Lamas et al., 

2009b), which surprisingly presents the chemoreceptor with the lowest sequence identity with 

the LBD of ABF-20167 (Supplementary Table 2). Chemotaxis assay performed suggest 

chemoattraction to JA is stronger in Dd3937 that in P. savastanoi pv. savastanoi (Antúnez-

Lamas et al., 2009b). To confidently compare JA perception in these two bacteria it would be 

necessary to determine the perception mechanism and perform biochemical characterization 

of the chemoreceptors involved in both bacteria. In addition to JA, Dd3937 presents 

chemoattraction to coronatine, a toxin produced by a number of P. syringae pathovars, 

including PsPto (Bender et al., 1999; Xin and He, 2013). The absence of chemotaxis towards 

JA observed in PsPto (Antúnez-Lamas et al., 2009b) suggests this bacterium does not 

perceive coronatine as well, though experimental confirmation is required. This toxin presents 

a similar structure to JA and is perceived by the same plant receptors (Katsir et al., 2008), 

suggesting its perception in Dd3937 is the result of the structural similarity with JA, though it 

would be interesting to study the role of this perception in this bacterium. The loss of 

chemoattraction observed in the abf-20167 mutant towards JA and coronatine strengthen the 

assignment of this chemoreceptor as the responsible for their perception, though the 

perception mechanism remains to be determined. Besides from jasmonic acid, the only plant 

hormone described to elicit a chemotaxis response is ethylene in P. aeruginosa PAO1, P. 

fluorescens Pf01, P. putida KT2440 and P. syringae pv. syringae B728a. Based on the loss of 
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chemoattraction of a mutant strain in the chemoreceptor tlpQ in P. aeruginosa PAO1, this 

chemoreceptor was suggested to be involved in ethylene chemotaxis (Kim et al., 2007). 

However, ligand binding assays of the LBD of this chemoreceptor with ethylene show no 

binding, suggesting an indirect sensing mechanism (Corral-Lugo et al., 2018), similar to what 

has been observed in this thesis with ABF-20167 perception of JA. Jasmonic acid is not the 

only compound produced or released in response to wounding in A. thaliana, one of the hosts 

of D. dadantii 3937 (Zhang et al., 2021). In order to expand our knowledge regarding the 

signals perceived by D. dadantii 3937, future work should focus on the determination of these 

compounds in different host of D. dadantii 3937. Subsequently, perception of these 

compounds by specific chemoreceptors should be assessed.  

Analysis of Dd3937 gene expression in response to JA shows the perception of this compound 

regulates the expression of genes involved in chemotaxis, stress response, CWDE and T3SS 

formation. The analysis of the expression of these genes in the abf-20167 mutant background 

suggests the perception mediated by this chemoreceptor is involved in the regulation of some 

of these genes. Given the importance of JA in bacterial virulence observed in this work and 

others (Antúnez-Lamas et al., 2009b; Rio-Alvarez et al., 2015), it is logical to assume that D. 

dadantii 3937 present one or more receptors of JA that are part of signal transduction systems 

independent from chemotaxis mediated by chemoreceptor ABF-20167. Non-chemotactic 

perception of hormones has been described in different bacteria. The human pathogens Vibrio 

parahaemolyticus and Salmonella enterica serovar typhimurium present the receptor QseC, 

involved in sensing of noradrenaline and adrenaline (Hughes and Sperandio, 2008). In Serratia 

plymuthica A153, the transcriptional activator AdmX binds the hormone auxin, inducing 

antibiotics production (Matilla et al., 2018). In the phytopathogenic bacteria X. campestris, the 

TCS formed by the HK PcrK and the RR PcrR regulates the transcription of genes involved in 

tolerance to oxidative stress and regulates the levels of the c-di-GMP upon perception of the 

plant hormone cytokinin (Wang et al., 2017). Interestingly, the HK PrcK presents a CHASE 

periplasmic domain, which belongs to the same LBD family domain as ABF-20167. Non-

chemotactic perception of jasmonic acid has been observed in plant-beneficial bacteria. In 

Bradyrhizobium japonicum, perception of jasmonic acid regulates the expression of genes 

involved in nodule formation (Mabood et al., 2006). Further studies regarding the role of JA in 

the expression of genes involved in virulence in this bacterium should be assessed by 

performing a transcriptomic analysis of the bacteria comparing the expression of genes on 

healthy and wounded leaves. 

The results obtained in this thesis have contributed to the assignment of chemoreceptors and 

chemotaxis clusters to specific chemosensory systems, to characterize chemoreceptors from 

these two phytopathogenic bacteria and have opened new research lines in our group. Future 

studies derived from this thesis could improve our knowledge regarding chemotaxis and 

chemosensory systems of these bacteria and their role in virulence. 
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CONCLUSIONS 

 

1. Chemoreceptors of Dickeya dadantii 3937 and Pseudomonas syringae pv. tomato 

DC3000 have been assigned to their correspondent chemosensory system. 

 

2. The chemoreceptor PsPto-PscA of Pseudomonas syringae pv. tomato DC3000 

binds D-Asp, L-Asp and L-Glu. 

 

3. Mutation of PsPto-pscA gene abolishes chemoattraction to these ligands. 

 

4. Perception of PsPto-PscA ligands controls biofilm formation and swarming motility 

through the regulation of c-di-GMP levels. 

 

5. Chemotaxis to PsPto-PscA ligands is mediated through the CheA2 chemotaxis 

pathway. 

 

6. Perception of D-Asp, L-Asp and L-Glu by PsPto-PscA controls P. syringae pv. 

tomato DC3000 virulence.  

 

7. The addition of D-Asp to Pseudomonas syringae pv. tomato DC3000 culture prior 

to plant inoculation reduces bacterial virulence in 3 orders of magnitude and could be 

a candidate in the design of interference strategies. 

 

8. Dickeya dadantii 3937 shows chemoattraction towards jasmonic acid and 

coronatine. 

 

9. The chemoattraction of Dickeya dadantii 3937 to jasmonic acid and coronatine is 

abolished in chemoreceptor mutant abf-20167. 
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10. The Dickeya dadantii 3937 chemoreceptor ABF-20167 does not directly bind either 

to jasmonic acid or coronatine. 

 

11. Mutation of abf-20167 gene impairs bacterial entry in A. thaliana and S. tuberosum. 

This differential entry ability between the wild-type and chemoreceptor mutant strain is 

abolished in transgenic lines with suppressed or diminished jasmonic acid production 

upon wounding. 

 

12. Perception of jasmonic acid regulates the expression of Dickeya dadantii 3937 

genes involved in chemotaxis, stress response, tissue maceration and virulence 

regulation. 
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