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Abstract 

N-acyl homoserine lactones (AHLs) act as quorum sensing signals that regulate cell-

density dependent behaviours in many gram-negative bacteria, in particular those 

important for plant-microbe interactions. AHLs can also be recognised by plants, and 

this may influence their interactions with bacteria. This thesis tested whether the 

exposure to AHLs affects the nodule-forming, nitrogen-fixing symbiosis between 

legume hosts and rhizobia. It used the legume, Medicago truncatula, and its symbiont, 

Sinorhizobium meliloti, as this model symbiosis has been well characterised on a 

molecular and cellular basis. In addition, previous studies have characterised the 

identities and roles of AHLs from S. meliloti during nodulation. 

First, protocols were established to grow M. truncatula plants under conditions 

conducive to symbiosis and, at the same time, to minimise growth of bacteria growing 

in and on roots. This was important as bacteria can destroy AHLs and could thus 

interfere with externally applied AHLs. M. truncatula was found to harbour culturable 

bacteria that were derived from the inside of the seed coat and were recalcitrant to 

surface sterilisation. A protocol using an antibiotic treatment of the seeds to minimise 

bacterial growth, and an axenic system growing M. truncatula seedlings on large agar 

plates was chosen for subsequent experiment. 

M. truncatula seedlings were exposed to a range of synthetic AHLs derived either from 

its specific symbiont, S. meliloti, or from the potential pathogens, Pseudomonas 

aeruginosa and Agrobacterium vitis. Increased numbers of nodules formed on root 

systems treated with the S. meliloti-specific AHL, 3-oxo-C14-homoserine lactone (HSL), 

while the other AHLs did not result in significant changes to nodule numbers. The 

increase in nodule numbers was dependent on AHL concentrations and was repeatedly 

observed at concentrations of 1 mM and above. No evidence for altered nodule invasion 

by the rhizobia was found. 3-oxo-C14-HSL óprimedô Medicago plants before inoculation 

with rhizobia, indicating that the increase in nodule numbers occurs at early stages and 

as a direct effect on the plant and not on the rhizobia. Increased nodule numbers 

following 3-oxo-C14-HSL lactone treatment were not under control of autoregulation of 

nodulation and were still observed in the autoregulation mutant, sunn4 (super numeric 

nodules4). However, increases in nodule numbers by 3-oxo-C14-HSL were not found in 

the ethylene-insensitive sickle mutant. Gene expression analysis further suggested that 
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this AHL affects the expression of ethylene-related genes during nodulation. It was 

concluded that plant perception of the S. meliloti-specific 3-oxo-C14-HSL influences 

nodule numbers in M. truncatula via an ethylene-dependent, but autoregulation-

independent mechanism.  

A comparison of M. truncatula with M. sativa (alfalfa), Trifolium repens (white clover) 

and Lotus japonicus (Lotus) showed that the observed effects of AHLs on nodule 

numbers, at least at the concentration chosen, were specific to M. truncatula, despite M. 

sativa nodulating with the same symbiont. In M. truncatula, the effects of AHLs were 

specific for an increase in nodule numbers, but not lateral root numbers or root length. 

This result suggests a very specific effect of AHLs on nodulation, possibly via 

modulation of ethylene-controlled infection, but not on general root developmental 

processes. 

During the investigation of protocols to eliminate bacterial contamination, it was 

discovered that nodulation phenotypes in response to AHL exposure strongly depended 

on the presence of plant-associated bacteria. Therefore, the composition and possible 

role of the M. truncatula-associated microbiome was further investigated. High 

throughput sequencing showed that the antibiotic treatment significantly reduced the 

presence and composition of the microbiome. Interestingly, application of 3-oxo-C14-

HSL also significantly altered the microbiome, but this effect was very specific for 

bacteria belonging to the genus Pantoea. Only in the absence, but not in the presence of 

the majority of the plant microbiome, did M. truncatula show increased nodulation in 

response to 3-oxo-C14-HSL, and this was associated with increased expression of early 

nodulation genes. These results suggest that the bacterial community of Medicago 

affects nodulation responses towards AHLs, particularly towards to 3-oxo-C14-HSL, 

likely by interfering with AHL stability, perception or plant responses. 

In summary, this thesis showed that plant perception of AHLs alters symbiosis-specific 

phenotypes, suggesting that AHLs are not only important to regulate bacterial 

behaviours during nodulation, but also that the plant has evolved mechanisms to 

respond to specific AHLs from its symbiont, likely by reducing ethylene signalling or 

synthesis to enhance the number of nodules. 
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Chapter 1 General Introduction  

1.1 Introduction  

Higher plants are characterised for being immobile, or rooted organisms. As a 

consequence they have to adapt to an ever changing environment, not only to survive 

but also to thrive. Some of the adaptive mechanisms that plants exhibit are mutualistic 

microbe interactions such as mycorrhiza and bacterial symbiotic associations. These 

positive interactions allow microorganisms to provide nutrients to the plants and allow 

the plants to provide protection and a niche for these microorganisms to thrive. A well-

known example of a mutualistic symbiosis is the interaction between legumes and soil 

bacteria generally called ñrhizobiaò. Rhizobia fix atmospheric nitrogen (N2) into an 

accessible form to the plant, in a process known as biological nitrogen fixation (BNF). 

N is one of the macronutrients most highly required to increase crop yield. It has been 

estimated that annual BNF provides approximately 50 to 70 million metric tons of 

nitrogen to agricultural systems (Herridge et al., 2008). Unfortunately, excessive inputs 

of N have caused environmental contamination due to eutrophication of waterways. 

Costs involved in the production of N fertilisers have risen, which in turn have become 

an expensive input for crop production. Therefore, legume nitrogen fixation constitutes 

an important way to boost sustainable agricultural production.  

Rhizobia, orchestrate the expression of many bacterial genes important for plant-

microbe interactions, including the Rhizobium-legume symbiosis, by a process called 

quorum sensing (QS). Bacteria produce chemical molecules called autoinducers (AIs). 

In rhizobia, as in many gram negative bacteria, these autoinducers are acyl homoserine 

lactones (AHLs). They act as signals that induce a cell to cell communication system in 

order to modify gene expression in a population-dependent manner (Fuqua et al., 1996; 

Bassler and Losick, 2006).  

This Chapter will present the current research in quorum sensing applied to plant-

microbe interactions with emphasis on the Rhizobium-legume symbiosis, particularly 

looking at nodulation and the plant microbiome. 
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1.2 Quorum sensing: cell to cell communication system 

Bacteria have adapted mechanisms to maximize their efficiency to compete in time and 

space, in order to ensure their multiplication and survival. Some of these mechanisms 

include motility, synthesis of exoenzymes, exopolysaccharides, surfactants, antibiotic 

production, biofilm formation, plasmid conjugal transfer and virulence determinant (e.g. 

Swift et al., 1996: Klein et al., 2009). These activities are regulated by bacterial 

communication through a phenomenon called quorum sensing (QS), which involves the 

synthesis, exchange and perception of small diffusible molecules. These molecules 

regulate transcription activating specific receptors in order to trigger changes in gene 

expression in a population density-dependent manner (Fuqua et al., 1996; Bassler and 

Losick, 2006; Choudhary and Schmidt-Dannert, 2010). Thus, bacteria are able to sense 

their population density as well as other bacterial populations to survive in a constant 

changing environment. 

Neaslon et al., (1970) noticed that in bioluminescent bacteria, luciferase enzyme 

synthesis was repressed at low population density and activated at high population 

density. They referred to this phenomenon as autoinduction due to the bacterial cells 

ability to regulate their luciferase gene expression by recognising their own self-

synthesised signal. Later on, Neaslon and Hastings (1979) described for the first time a 

cell to cell communication system in a bioluminescent symbiotic marine bacterium 

Vibrio fischeri, which produces light only at high population density. However, the term 

quorum sensing was first mentioned by Fuqua et al., (1994) who described it as the 

ñminimum behavioral unitò in which bacteria take census of their numbers. As the 

bacterial population grows so does the concentration of small diffusible molecules or 

quorum sensing signals (QSSs), also referred to as diffusible pheromones or 

autoinducers. In this sense bacteria are able to count their own numbers by synthetising 

and detecting the extracellular concentration of QSSs (Bassler and Losick, 2006). When 

a certain threshold or ñquorumò is reached, changes in gene expression are triggered in 

a coordinated multicellular behaviour (Figure 1.1). 
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Figure 1.1 Quorum sensing model. As the bacterial cell population increases over time 

so does the quorum sensing signals (QSSs) concentration. Modified from Keller and 

Surette (2006). 

 

Many definitions and classifications of cell to cell communication systems in bacteria 

have been discussed and proposed according to the type of QS and QS molecules as 

well as their ecological and evolutionary roles (Winzer et al., 2002; Henke and Bassler, 

2004a; Keller and Surette, 2006; Hense and Schuster, 2015). In this study, some of the 

more commonly used concepts in the quorum sensing field will be defined as following: 

¶ Quorum sensing: Cell to cell communication system that allows bacteria to 

sense their environment to monitor their own cell numbers and their neighbourôs 

cells in order to change their behaviour in a population density manner (Fuqua et 

al., 1994; Fuqua et al., 2001; Bassler, 2002). 

¶ Quorum sensing signals: Chemical molecules or compounds produced by 

bacteria that possess the following characteristics according to Winzer et al., 

(2002): 

-  Their production occurs during specific stages of growth, under certain 

physiological conditions, or in response to changes in the environment. 

-  They accumulate intracellularly and extracellularly and are recognised by a 

specific receptor.  

Signal 
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Time
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-  Their accumulation generates a concerted response, once a critical threshold 

concentration has been reached.  

-  The cellular response extends beyond physiological changes required to 

metabolise or detoxify the cell to cell signal molecule.  

 

These criteria help to identify QSSs from other secondary metabolites. For instance, 

toxic bacterial metabolites or metabolic residues that reach certain concentration may 

trigger a united stress response in a population (Winzer et al., 2002; Keller and Surette, 

2006). In this case, toxic molecules cannot be considered quorum sensing compounds 

since toxins are not recognised by specific receptors and the bacterial cells only respond 

to the toxic properties of the molecules per se (Winzer et al., 2002).  

 

1.2.1 Conventional quorum sensing systems: How do bacteria get socially 

intimate? 

Conventional quorum sensing systems can be classified in three different categories 

according to the type of autoinducer and its detection. These are: modified oligopeptides 

(in Gram positive bacteria), LuxI/R type quorum sensing systems (typically in Gram 

negative bacteria), and a combination of the two (Figure 1.2) (Henke and Bassler, 

2004). In bacteria, gene annotations are in italic lowercase (e.g. luxI) and protein 

annotations in capital letters (e.g. LuxI). In this study, QS system is usually referred to a 

conventional quorum sensing while QS circuits are the different components inside a 

defined QS system. 

1.2.1.1 Modified oligopeptides  

Quorum sensing in Gram positive bacteria regulates gene expression through secreted 

modified oligopeptides as autoinducers via a phosphorylation/dephosphorylation 

cascade (Henke and Bassler, 2004; Miller and Bassler, 2001). The peptide autoinducer 

signal is synthetised from a peptide signal precursor. This peptide is secreted 

extracellularly via an ATP-binding cassette (ABC) transporter. When the extracellular 

peptide concentration reaches a certain threshold, reflecting the cell population density, 

it is detected by a two component signalling system histidine sensor kinase (Figure 1.2, 

middle column). Once this transmembrane sensor kinase is autophosphorylated, it 

transfers the phosphoryl group to the cognate response regulator protein. Thus, the 

phosphorylated response regulator protein binds to specific target genes activating the 

transcription of quorum sensing controlled genes (Miller and Bassler, 2001).   
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Figure 1.2 Conventional diffusible quorum sensing (QS) in bacteria. The Figure shows 

the system organization for each conventional QS along with representative 

microorganisms, their autoinducer structures and the behaviours controlled by them. 

Abbreviations: HPt, histidine phosphotransfer protein; RR, response regulator; sensor 

histidine kinase; P, phosphate. Figure taken from Henke and Bassler, (2004a). 
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1.2.1.2 LuxI/R type quorum  sensing systems  

V. fischeri was the first bacterium in which quorum sensing was discovered. As a 

consequence, its QS system, comprising LuxI and LuxR family proteins, became the 

most extensively studied. The LuxI enzyme catalyses the synthesis of specific acyl 

homoserine lactones (AHLs). Synthetised AHL molecules freely diffuse out of and into 

the cell increasing their extra and intracellular concentration proportionally with 

bacterial cell population withing a diffusion-limited environment. When extra- e intra- 

cellular concentrations of AHLs reach an equilibrium at a certain threshold,  AHL 

molecules are recognised by the LuxR proteins, which subsequently bind different 

promoter elements, activating downstream transcription of target genes and 

consequently enhancing RNA polymerase activity (Figure 1.2, first column) (Fuqua et 

al., 1994; Federle and Bassler 2003; Henke and Bassler, 2004). LuxR-family proteins 

have two domains: an autoinducer binding domain, located in the amino terminal region 

and a DNA binding helix-turn-helix (HTH) at the carboxyl terminal motif (Fuqua and 

Winans, 1994). The biological relevance of QS in V. fisheri is explained below. 

V. fischeri in its free-living state in the seawater, is found at low cell densities (less than 

10
2
 cell/ml) with no luminescence (Fuqua et al., 1996; Fuqua et al., 2001). However, 

when it colonises the light organs of the sepiolid squid, Euprymna scolopes, V. fischeri 

accumulates at high cell densities (10
10

-10
11

 cell/ml) (Ruby et al., 1976). Under this 

high population density, quorum sensing signals, specifically the AHL, N-3-

oxohexanoyl-HSL is produced, diffuses and is perceived by the population expressing 

the luminescence (lux) genes (Eberhard et al., 1981; Devine et al., 1989; Dunlap, 1995; 

Fuqua et al., 1996; Ulitzur, 1995). It is thought that at night the squid needs to be 

unseen in order to escape from predators and to hunt (Nealson and Hastings, 1979). 

While this appears to be an obvious advantage to the squid, this hypothesis will require 

empirical testing in the future. It is then that the light from V. fisheri, adjusted to the 

natural moonlight, makes the perfect camouflage for the squid to hide from its prey in 

the shallow waters of the ocean. Every morning the squid expels most of the bacteria 

into the seawater and regrow new bacteria during the day and the cycle is repeated 

every day (Eberhard et al., 1981; Nealson and Hastings, 1979; Ruby et al., 1976; Ruby 

et al., 1980; Ruby et al., 1992).  

1.2.1.2.1 AHL structures and synthesis 

Eberhard et al., (1981) identified the first AHL structure in V. fischeri as N-3-

oxohexanoyl-HSL (Figure 1.3Aa). Many more AHL structures have been identified in 
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different bacterial species since then (Figure 1.3Ab,c,d,e). Different techniques such as 

high performance liquid chromatography (HPLC) purification, mass spectrometry and 

nuclear magnetic resonance (NMR) thin layer chromatography (TLC), ultra-

performance liquid chromatography (UPLC), ultra-high-resolution mass spectrometry, 

and in-situ biosensors have been used to identify them (Shaw et al., 1997; Marketon and 

González, 2002; Marketon et al., 2002; Teplitski et al., 2003; Fekete et al., 2007). 

 

Figure 1.3 Some of the QSSs chemical structures from A) Gram negative bacteria a) 3-

oxo-C6-HSL b) 3-oxo-C12-HSL c) C4-HSL d) 3-oxo-C8-HSL e) 3-Oxo-C14-HL. B) 

Gram positive bacteria CSF: competence and sporulation factor, ComX: Competence 

pheromone, CSP: Cold shock protein, AIPs: autoinducing peptides C) V. harveyi, 

Furanosyl borate diester. The asterisk above the tryptophan in ComX represents an 

isoprenyl modification. Figure adapted from Federle and Bassler (2003). 

 

The basic AHL structure is composed of a homoserine lactone ring moiety and an acyl 

side chain. Different AHLs are distinguished in length, degree of substitution and 
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saturation of their acyl-side chain (Figure 1.3) (Fuqua et al., 2001). The hydrophobicity 

of the molecule is a result of the hydrophilic homoserine lactone and the hydrophobic 

side chain. AHLs, specifically, acyl-side chains, range from 4 to 18 carbons in length 

(Fuqua et al., 2001; Neumann et al., 2013). Modifications in the oxidation state at the 

C3 position on the acyl side chain (methyl, ketone, or hydroxyl groups) and the length 

of the acyl side chain gives specificity to quorum sensing systems (Fuqua et al., 2001; 

Patel et al., 2013). It has been demonstrated by structural studies of LuxI-type proteins 

(AHL synthase) that their acyl-binding pocket fits precisely to a specific side chain 

moiety (Gould et al., 2004). Figure 1.4 shows how the LuxI synthase catalyses the 

amide bond formation between S-adenosyl-L-methionine (SAM), the acyl-acyl carrier 

protein (ACP) and the acyl SAM intermediate creating the acyl homoserine lactone 

(Moré et al., 1996; González and Keshavan, 2006). 

 

 

Figure 1.4 AHL synthesis reaction. AHL synthases catalyse the acylation of S-

adenosyl-L-methionine (SAM) by an acyl-acyl carrier protein followed by lactonisation 

of the methionine moiety. This generates the end product acyl homoserine lactone with 

the byproducts holo-ACP and 5
ǋ
-methylthioadenosine. Figure adapted from Watson et 

al., (2002). 

1.2.1.2.2 Some examples of LuxI/R homologs 

LuxI/R was thought to be unique to V. fischeri and V. harveyi (Fuqua et al., 2001). 

Nonetheless, analogues of this quorum sensing system have been found in over 70 

species of Gram negative bacteria (Miller and Bassler, 2001), mostly in proteobacteria 

(Case et al., 2008; Hense and Schuster, 2015). In other genera, the LuxI/R-like system 

usually refers to homologues of the V. fischeri regulatory systems. Thus, LuxI homologs 
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are homologous to the LuxI protein in V. fischeri and LuxR homologs are homologous 

to the LuxR protein in V. fischeri (Fuqua et al., 2001). Some bacterial species have 

more than one LuxI homolog, and in that case, a specific AHL combination will be 

produced. In consequence, each bacterial species recognises their own set of AHL 

molecules, differentiating their own members from the rest (Federle and Bassler, 2003). 

In this conventional system, luxI and luxR genes are usually located closely in the 

chromosome. However, sometimes a luxR gene is found by its own without luxI gene. 

This is known as an orphan (Fuqua, 2006; Subramoni and Venturi, 2009) or solo LuxR 

homologs (Case et al., 2008; Patankar and González, 2009; Patel et al., 2013). Even 

though the LuxR regulatory system is highly conserved in bacteria, substitutions in key 

amino acids of the AHL-binding domain lead to AHL recognition impairment. This is 

the case in the solo LuxR homolog OryR in Xanthomonas oryzae pv. oryzae (Xoo) 

where OryR cannot bind to AHLs but rather to low molecular weight plant molecule(s) 

(Fuqua et al., 2001; González et al., 2013). Case et al., (2008) revealed that out of 265 

proteobacterial genomes analysed, 68 possess a LuxI/R system, of which 45 genomes 

lack a complete LuxI/R system (containing a higher ratio LuxRs/LuxIs) and another 45 

genomes contained LuxR solos. Fuqua (2006), suggested that an orphan or solo LuxR 

homolog, QscR (quorum sensing control repressor) from Pseudomonas aeruginosa 

could respond to mono-species as well as multispecies signalling in order to integrate 

information of mixed bacterial communities. 

It is possible to find more than one QS circuit, LuxI/LuxR homologs, in one species. 

This is the case of Pseudomonas aeruginosa, Agrobacterium tumefaciens and 

Sinorhizobium meliloti. As AHLs from these bacteria were assessed in this work, their 

QS systems will be reviewed below. 

Pseudomonas aeruginosa is a gram negative soil bacterium, which can cause plant and 

animal disease. It possesses at least three QS circuits: Las, Rhl and QscR (Fuqua, 2006). 

Las/Rhl is composed of LuxI/LuxR homologs, LasI/LasR and RhlI/RhlR, respectively. 

Las and Rhl affect the expression of 160 to 650 genes, including those involved in 

virulence factors, biofilm formation, exoenzymes production, nutrient acquisition, 

motility and signalling pathways molecules such as Pseudomonas quinolone signal 

(PQS), which is critical to its survival (Pesci et al., 1999; Wade et al., 2005; Juhas et al., 

2005). The Las and Rhl circuits function in tandem to ensure synchronous timing and 

thus successful pathogenesis (Miller and Bassler, 2001). LasI catalyses 3-oxo-C12-HSL 
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and RhlI C4-HSL synthesis (Pearson et al., 1994, 1995). When a sufficient population 

density and therefore, 3-oxo-C12-HSL concentration, has been reached, LasR, a LuxR 

homolog, in conjunction with 3-oxo-C12-HSL controls the synthesis of virulence factors 

and also the upregulation of the rhlR gene (Ochsner and Reiser, 1995). RhlR binds to 

C4-HSL modulating a diverse range of target genes such as those for siderophores 

production, involved in iron acquisition, and rhamphanolipid biosynthesis, and others 

involved in virulence, motility, biofilm formation and uptake of hydrophobic substrates 

(Stintzi et al., 1998; Schuster et al., 2003, 2004). A negative regulator, QscR acts as a 

repressor of the positive feedback loop, down-regulating genes in the Las, Rhl and 

QscR system (Fuqua, 2006). 

Agrobacterium vitis is a well-known plant pathogen, which induces crown gall tumours 

on grapevine. In order to form the tumours the oncogenic Ti plasmid (pTi), carrying 

specific virulence genes (vir) must be transferred to the host cell nucleus (Lowe et al., 

2009). Once a section of the Ti plasmid, T-DNA, is integrated into the plant genome, 

not only the gall formation begins but also a host specific root necrosis in grapes and a 

hypersensitive-like response (HR) on non-host plants like tobacco (Hao and Burr, 

2006). These pathogenic behaviours are under the control of the cognate avsI/R locus. 

AvsI synthesises the long chain AHL molecules and avsR, the transcriptional regulator, 

binds to the AHLs. In addition, AviR and AvhR, two LuxR solos, are also involved in 

the regulation of this pathogenesis response (Zheng et al., 2003; Hao et al., 2005). 

Interestingly, AvsI and AvsR from A. vitis share up to 71% and 38% of identity with 

SinI and SinR from S. meliloti strain 1021, respectively (Hao and Burr, 2006). In 

addition, the solo LuxR homologs, AviR and AvhR, are highly homologous to ExpR 

and two orphan LuxR homologs (SMc00878 and SMc00877) of S. meliloti (Zheng et 

al., 2003; Hao et al., 2005). 

Sinorhizobium meliloti (formely Rhizobium meliloti) is a soil alpha proteobacterium 

gram negative nitrogen-fixing rhizobium, which forms mutualistic symbiosis with 

legume plants belonging to the genus Medicago, Melilotus and Trigonella (Glazebrook 

and Walker, 1989; Gurich and González, 2009). To our knowledge, QS in S. meliloti 

has not been completely understood. This QS system is basically composed for the Sin 

circuit, consisting of SinR, a transcriptional regulator and an AHL synthase SinI, which 

catalyses the production of long acyl side chain AHLs ranging from C12 to C18-HSL. In 

addition, there is a functional orphan LuxR homolog called ExpR and the Tra system 

with traI, traR and traM as in A. vitis (Marketon et al., 2002; Marketon and González, 
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2002; González and Marketon 2003; Charoenpanich et al., 2013). It has also been 

reported that S. meliloti strain 1021 (Rm1021) possesses four additional orphan or solos 

LuxR homologs encoded by the SMc04032, SMc00878, SMc00877, and SMc00658 

loci (Galibert et al., 2001). Only two of them, SMc04032 (NesR) and SMc00878, have 

a known function. NesR regulates the survival and nodulation efficiency by competition 

in the rhizosphere and SMc00878 regulates the gene expression of the denitrification 

pathway (Patankar and González, 2009). Sanchez-Contreras et al., (2007) indicates that 

two additional putative orphan LuxR homologs, SMc03015 and SMc03016 are also 

found in Rm1021. However, the functionality of these genes remains unknown. Other 

components to this QS circuit have been suggested (Hoang et al., 2004). Previously, 

Marketon and González (2002), suggested that S. meliloti had an additional AHL 

synthase LuxI homolog called Mel system which catalyses the production of short chain 

AHLs. However, in subsequent studies this was not confirmed (Gao et al., 2005).  

The ExpR/Sin quorum sensing circuit is required for most of the free-living and 

symbiotic cell functions, including the synthesis of the low molecular weight (LMW) 

fractions of exopolysaccharides succinoglycan (EPSI) and galactoglucan (EPSII), which 

play an essential symbiotic role in motility, chemotaxis and infection (Pellock et al., 

2002; Hoang et al., 2004, 2008; Glenn et al., 2007; Gurich and González, 2009; 

Nogales et al., 2012), biofilm formation (Wang et al., 2004; Edwards et al., 2009; 

McIntosh et al., 2008), nodulation and nitrogen fixation (NF) (Loh et al., 2001; Zheng 

et al., 2006), plasmid transfer (Marketon and González, 2002) and metal transport 

(Hoang et al., 2004), among others.  

The expression of the sinI gene is under the regulation of the SinR and ExpR proteins 

(Marketon and González, 2002). At high population density, the production of SinI 

proteins is upregulated to synthesise long side chain AHLs at its threshold of activation 

of sinI (å 1 nM AHL). As a result, the AHL concentrations are increased dramatically. 

AHLs bind to the ExpR forming the AHL-ExpR complex. This complex regulates a 

total of 570 genes including the ones responsible for succinoglycan, galactoglucan and 

flagellum production as well as the Sin circuit SinI/SinR (Charoenpanich et al., 2013; 

Gurich and González, 2009; Hoang et al., 2004). sinI transcription is upregulated by 

ExpR-AHL complex through sinR and expR, resulting in a positive feedback loop 

(Marketon et al., 2003; McIntosh et al., 2009). When the threshold for reduction of sinR 

is reached (å 40 nM) sinR is repressed, decreasing SinR protein through turnover and 

dilution of SinR by cell division. In addition, posttranscriptional mechanisms such as 
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degradation of the AHL synthase transcript sinI by RNAse E, a bacterial 

endoribonuclease important for RNA metabolism, has been reported in S. meliloti. As a 

consequence, sinI expression is inhibited (Figure 1.5) (McIntosh et al., 2009; 

Baumgardt et al., 2014). At low AHL concentrations, TraM inactivates TraR until the 

population density increases when traI encodes for the production of 3-oxo-C8-HSL, 3-

OH-C8-HSL and C8-HSL activating the response regulator TraR. The Tra system 

regulates the plasmid transfer through formation of the mating pore and the conjugal 

tube (Marketon and González, 2002). Interestingly, McIntosh et al., (2009), points out 

that positive and negative feedback loops in S. meliloti are not only affected by AHLs 

concentration but also by environmental conditions such as phosphate availability in the 

rhizosphere.  

 

Figure 1.5 Quorum sensing system of Sinorhizobium meliloti. SinI catalyses the 

production of long side chain AHLs (pentagons). Model based on González and 

Marqueton, 2003; McIntosh et al., 2009; Charoenpanich et al., 2013). Colourful boxes 

represent genes that encode ExpR, SinR and SinI proteins (circles). + and ï symbols 

indicate activation and repression of the transcription, respectively. Tra system is borne 

on a plasmid. Therefeore, it is not present in all S. meliloti strains. 
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Exopolysaccharide production and flagellum synthesis are essential for symbiosis (see 

section 1.3.1). Flagella and EPSII production are required for motility in S. meliloti, 

which in turn, depends on the production of AHLs, particularly C16-HSL and 3-oxo-

C16:1-HSL (Gao et al., 2012). Exopolysaccharides regulation in S. meliloti is 

remarkably complex composed by numerous regulatory circuits that modulate the 

bacterial response according to several environmental stress factors (Janczarek, 2011). 

Gurich and González (2009) reported that the inactivation of motility genes by 

ExpR/Sin QS circuit at high population density is essential for nodule invasion 

efficiency when S. meliloti accumulates in the root. Once the invasion is stablished 

ExpR/Sin is repressed (Gurich and González, 2009). Interestingly, in S. meliloti strain 

1021, expR is disrupted due to a native insertion sequence (ISRm 2011-1) which 

impedes the synthesis of EPSII. Experiments done in this strain, found that a 

spontaneous excision of this insertion increases EPSII in response to C16:1-HSL and 3-

oxo-C16:1-HSL confirming that Rm1021 is not able to produce EPSII due to this 

insertion (Pellock et al. 2002; Marketon et al., 2003). However, Rm1021 is able to 

produce EPSI, particularly the low molecular fraction of this polymer essential for 

symbiosis, establishing a successful colonisation in M. truncatula and producing 

functional nodules (González et al., 1996). 

As it has been reviewed, LuxI/R homologs play a crucial role in the regulation of many 

genes important for competition and survival of gram negative bacteria. LuxI is the 

population density signal responsible for synthesising the AHL molecules (Fuqua et al., 

1994). When the bacterial population increases in numbers, so does the AHL signal 

concentration. Thus, each AHL binds to the LuxR homolog protein, the population 

density-dependent transcriptional activator of the DNA (Fuqua et al., 1996; Fuqua et 

al., 2001). However, LuxI/R is not the only conventional QS system present in bacteria. 

Others include modified peptides and hybrid QS systems. 

1.2.1.3 Hybrid quorum sensing systems 

The last conventional QS system is a hybrid between the two conventional QS reviewed 

above: modified oligopeptides found in gram positive bacteria and LuxI/R found in 

gram negative bacteria (Henke and Bassler, 2004). Hybrid QS systems were originally 

identified in V. harveyi, which can produce and recognise two autoinducers, AI-1 and 

AI-2, simultaneously, which is known as coincidence detection (Bassler et al., 1993, 

1994). It has been suggested that coincidence detection reduces the background ñnoiseò 

or trickery from other bacteria (Schauder and Bassler, 2001; Henke and Bassler, 2004). 
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AI-1 corresponds to an AHL and AI-2 to a furanosyl borate diester. When either AI-1 or 

AI-2 reach a certain threshold, the signal transduction is activated via a two-component 

phosphorylation cascade (Figure 1.2, third column). This parallel and ñmulti-signalò 

system allows bacteria to communicate with their own (species-specific language) as 

well as with others (non-species specific language). The AI-2 is synthesised by luxS, has 

also been found in many gram positive and gram negative bacteria regulating inter-

species communication. As a result, it has been proposed that AI-2 is a universal signal 

(Surette et al., 1999; Pereira et al., 2008). 

 

1.2.2 Quorum sensing interspecies communication: me and the rest. 

Different species of bacteria produce slightly different QSSs. For example, 

Pseudomonas and symbiotic rhizobia produce slightly different versions of AHLs 

differing in the fatty acyl side chain (Figure 1.3). It seems that different bacterial species 

have subtle ñdialectsò that might allow them to differentiate between signals from their 

own species and signals from other species. This might be extremely helpful as bacteria 

usually live in complex environments composed of different microbial communities. 

Not surprisingly, it has been suggested that QS helps bacteria living in these complex 

ecological environments, eg. rhizosphere and biofilms, to distinguish not only their own 

but also other species (Fuqua et al., 1996; Case et al., 2008).  

With the discovery of AI-2 not only in V. harveyi but also in a vast range of gram 

negative and gram positive bacteria, it was proposed that QS communication existed 

wide spread among species (Xavier and Bassler, 2003). It is also known that AI-2 

regulates many bacterial ñbehavioursò such as virulence, toxin production; motility, 

antibiotic production and biofilm formation, among others (See the review Federle and 

Bassler, 2003). It appears that bacterial ñlistening abilityò is not restricted by their 

capacity to ñtalkò. Case et al., (2008), suggest that eavesdropping on other species 

conversations seems to be predominant among the Proteobacteria. This sophisticated 

social behavior may give bacteria an advantage to compete and survive in complex 

diversified bacterial populations (Chandler et al., 2012).  

As described before (section 1.2.1.2.2), solo LuxR homologs response regulators and 

not their cognates LuxI homologs, have been found in abundance in many bacteria 

(Case et al., 2008). That is also the case in S. meliloti, which despite of not producing 

AI-2, are able to recognise and internalise this molecule from other bacterial species 
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using its Lsr system (Pereira et al., 2008). Thus, S. meliloti ability to eavesdrop other 

species ñconversationò rather than participating actively in the communication provides 

an advantage during colonisation of a common niche interfering with AI-2 regulated 

behaviors such as virulence (Pereira et al., 2008). Similar to S. meliloti, P. aeruginosa 

does not produce AI-2. However, it has been shown that AI-2 is able to upregulate 

overlapping subsets of virulence factor promoters (Duan et al., 2003). Eavesdropping 

on other neighbours might provide important information to Rhizobium leguminosarum 

bv. viciae to delay growth through conjugal transfer of the symbiotic plasmid until a 

quorum has been reached (Wilkinson et al., 2002). 

 

1.2.3 Quorum quenching: The war zone. 

It has been reported that bacteria are able to disrupt other QS systems by reducing the 

activity of the AHL receptor or synthesis cognate; affecting the stability and function of 

the QS signal by removing, inactivating or modifying it (e.g. agonist to antagonist); 

inhibiting the production of QS signals; producing QS mimic compounds or analogues; 

producing anti- activator proteins or negative transcriptional regulator homologs and by 

negative regulation via small RNAs (sRNAs) (Federle and Bassler, 2003; González and 

Keshavan, 2006; Kalia, 2013).  

Removal of the autoinducer from the environment by importing it into the cell through 

ABC transporters reduces the amount of the signal in the milieu (Federle and Bassler, 

2003). In a co-culture with S. meliloti and Erwinia carotovora (producing AI-2), S. 

meliloti strain Rm1021 was able to remove AI-2 from the extracellular medium (Pereira 

et al., 2008). Perhaps, masking other species perception that they are in a low 

population density would give them a better chance to compete for limited energy and 

nutrient resources. 

Moreover, QS inactivation in bacteria is caused by enzymatic degradation of 

autoinducers. The first such enzyme that was identified and purified was a lactonase 

from Bacillus sp. (Dong et al., 2001). Lactonases hydrolyse the lactone ring of the AHL 

structure, thereby inactivating the molecule. In addition, acylases hydrolyse the AHL 

amide bond, releasing the homoserine lactone from the fatty acid side chain (Lin et al., 

2003). Apart from these enzymes two others have been reported decarboxylases, which 

hydrolyse the lactone ring and deaminases, which cleave the acyl side chain (reviewed 
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by Kalia, 2013). These enzymes and derivatives have been found in gram positive as 

well as gram negative bacteria (Helman and Chernin, 2015). 

Volatiles organic compounds from bacteria can also disrupt QS. It has been shown that 

P. aeruginosa and P. fluorescens, among other bacteria, produce dimethyl sulfide, 

which acts as a quorum quencher decreasing both long and short chain AHLs (Chernin 

et al., 2011). Streptomyces sp. produces butyrolactones that act as AHL analogues 

(Kinoshita et al., 1997). In addition, cyclopeptides and diketopiperazines produced by 

Pseudomonas sp. interfere with QS (Holden et al., 1999). 

 

1.2.4 Interkingdom communication: What happens when bacteria interact with 

organisms from another kingdom?  

Prokaryote-eukaryote cross talk or interkingdom communication via quorum sensing 

has been reported with members of fungi, animals and plants (Cugini et al., 2008; Joint 

et al., 2007; Kalia, 2013). In this study only plant- bacteria interkingdom 

communications will be discussed, as they form part of the scope of this work. 

Bacteria can increase or reduce the performance of plants substantially, in the worst 

case, they can kill the plant, in the best, they can increase growth by providing extra 

nutrients, hormones and improved soil structure. Bacteria are efficient colonisers and 

infecting agents and one of the reasons for this success is their use of AHL signals to 

coordinate many of their behaviours. Studies have shown that plants are not only able to 

detect the AHL signals of bacteria, but that they can differentiate between signals from 

pathogenic and symbiotic bacteria (Gao et al., 2003). Their responses to AHLs depend 

on the concentration of the signal (Gao et al., 2003; von Rad et al., 2008). In response 

to AHL signals, Medicago truncatula plants have been shown to adjust the 

accumulation of more than 150 proteins, including defense related proteins, metabolic 

enzymes, and enzymes of the flavonoid pathway (Mathesius et al., 2003). In addition, 

AHL signals appear to alter plant development by altering auxin levels in Arabidopsis 

(von Rad et al., 2008). Joseph and Phillips (2003) have shown that QS breakdown 

products from beneficial root colonising bacteria increase stomatal conductance and 

transpiration rate in beans (Phaseolus vulgaris L.). AHL signals influenced root growth 

in Arabidopsis as well as shoot growth in barley (von Rad et al., 2008; Klein et al., 

2009).  
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Plants can interfere with bacterial QS via reduction of the AHL cognate receptor or 

synthesis protein and inhibition of AHL molecules by degradation, sequestration and 

mimicry (Truncado et al., 2015). It has been shown that a number of plant species can 

react to AHL compounds by producing and exuding so called ñQS mimicò compounds - 

molecules that are perceived as AHL compounds by the bacteria interfering with their 

QS circuits (Teplitski et al., 2000; recently reviewed by La Sarre and Federle, 2013; 

Truncado et al., 2015; Koh et al., 2013). QS mimic molecules from plants can inhibit or 

promote QS-related gene expression in bacteria (Teplitski et al., 2000). This finding 

suggests that plants have a mechanism to interfere or ñquenchò bacterial quorum 

sensing. The production of quorum sensing mimics was enhanced after perception of 

purified quorum sensing signals by the plant, and differed in response to different 

structures of quorum sensing signals (Mathesius et al., 2003). Vandeputte et al., (2010), 

demonstrated that catechin, a flavonoid from the medicinal tree Combretum albiflorum, 

negatively affected las and rhl gene expression in P. aeruginosa PAO1 via interfering 

with the perception of C4-HSL by RhlR resulting in reductions of growth, pyocyanin 

production and biofilm formation. Further studies demonstrated that naringenin, a 

flavonone, inhibited the virulence of P. aeruginosa decreasing the expression of las and 

rhl genes and resulting in reductions of 3-oxo-C12-HSL and C4-HSL and a defective 

Rhl-C4-HSL complex (Vandeputte et al., 2011). In E. coli, naringenin, kaempferol, 

quercetin and apigenin were found to inhibit biofilm formation. These flavonoids also 

inhibit biofilm formation and bioluminescence in V. harveyi. Also, naringening 

supresses virulence in the latter (Vikram et al., 2010). Interestingly, flavonoids have 

been linked with legume symbiosis as crucial players to stablish nodulation (reviewed 

by Hassan and Mathesius, 2012). Rajamani et al., (2008), who discovered that 

riboflavin and its degradation product lumichrome from the algae Chlamydomonas, 

activated LasR response regulator in Pseudomonas aeruginosa, which suggests that 

both compounds act as interkingdom QS signal mimics. Another example is given by 

Keshavan et al., (2005), suggesting that Medicago sativa hinders S. meliloti QS by 

impeding the folding of ExpR.  

González et al., (2013), reported that a subfamily of LuxR solo OryR of Xanthomonas 

oryzae pv. oryzae (Xoo) is able to recognise low molecular weight plant compounds 

from rice. However, many of the plant signals interfering with AHL synthesis or 

perception remain unknown. 
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1.3 The Legume-Rhizobia Symbiosis 

Legume plants belonging to the Fabaceae family are the second most important crops in 

agriculture after cereals crops (Poaceae) like maize, rice and wheat (Smýkal et al., 

2015). They are a good source of protein, oil and dietary fibre for humans and animals 

as well as nitrogen, as an amendment for soil (Cook, 1999). One of the reasons for their 

high protein content is the symbiotic nitrogen fixation with their rhizobia partners. This 

process consists in the conversion of atmospheric nitrogen (N2) into ammonia (NH3), 

which plants are able to utilise. In exchange, plants provide carbon in form of organic 

acids as a source of energy to rhizobia. The model annual pasture legume Medicago 

truncatula (Gaertn.) (barrel medic or barrel medick or barrel clover) constitutes a great 

opportunity to study rhizobia-legume interactions due to its features including its small 

diploid sequenced genome, easy of genetic transformation, self-fertilisation, high seed 

production and short generation time (Cook, 1999). Moreover, in Australia M. 

truncatula is an important forage crop species cultivated in a lay farming mode 

(Puckridge and French, 1983).  

 

1.3.1 Nodulation 

The invasion of plant roots by rhizobia is a process that consists of several synchronised 

steps including the initial signal exchange, initiation of infection, infection thread 

development, formation of nodule primordia and development of the nodule able to fix 

atmospheric nitrogen (Gage, 2004; Jones et al., 2007).  

The initial signal exchange starts with the release of signal chemicals called flavonoids 

and betaines that are secreted by host roots into the surrounding rhizosphere in order to 

attract compatible rhizobia (Gage, 2004). Flavonoids are phenylpropanoid metabolites 

which act as chemoattractants, regulators of the nodulation (nod) genes in rhizobia 

(Peters et al., 1986; Redmond et al., 1986a). Once rhizobia recognise their partner and 

reach its root surface, they attach to the roots. Flavonoids bind to rhizobial NodD 

proteins, which are transcriptional regulators of the LysR family, to induce nod gene 

transcription (Györgypal et al., 1988). In rhizobia, upregulation of nod genes leads to 

the induction of the synthesis and export of lipochitin oligosaccharides (LCOs) or Nod 

factors (Figure 1.6A). Nod factors consist of a ɓ-1,4-linked N-acetyl-D-glucosamine 

residues, which are species-specific. Bacteria are able to synthetise more than one Nod 
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factor molecule. Nod factors trigger early nodulation changes in the host such as root 

hair deformation, membrane depolarization, intracellular calcium oscillations and 

initiation of cell division in the root cortex which initiates nodule development 

(Ehrhardt et al., 1996; Felle et al., 1998; Cárdenas et al., 1999; for review see Gage, 

2004).  

Even though flavonoids usually upregulate nod genes in rhizobia, it has been 

demonstrated that some flavonoids can also downregulate their expression in S. meliloti 

(Zuanazzi et al., 1998). This might be a mechanism by which plants maintain low levels 

of Nod factors to avoid the elicitation of plant defense responses to ensure optimal 

nodulation (Zuanazzi et al., 1998). Even though Nod factor can be perceived by the 

plant at extremely low concentrations (1 to 10 pM) (Ehrhardt et al., 1996; Oldroyd et 

al., 2001), local accumulation of Nod factors on the root hairs it is thought to reach high 

concentrations (1 to 10 nM) over time activating calcium flux (Shaw and Long, 2003). 

It has been reported that bradyoxetin, an extracellular quorum-responsive signal 

molecule produced at high population density by Bradyrhizobium japonicum 

USDA110, indirectly repressed nod genes in soybean cultivar Lambert (Loh and Stacey, 

2003; Jitacksorn and Sadowsky, 2008). However, this repression was dependent on the 

environment and the plant cultivar (Jitacksorn and Sadowsky, 2008).  

 

 

Figure 1.6 Initial signal exchange between Medicago truncatula and Sinorhizobium 

meliloti. A) Flavonoids produced by Medicago upregulate nod genes in S. meliloti. As a 

result, Nod factors are produced which in turn, are perceived by the plant through a Nod 

factor receptor (MtNFP). B) Attachment of the rhizobia to susceptible root hairs and 
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cortical cell division occurring in unison. C) Colonised curled root hair (CCRH). 

Modified figure from Jones et al., (2007). 

The formation of bacterially infected nodules requires a coordinated root development 

program where two processes occur simultaneously: root hair infection and cortical cell 

division. The infection of susceptible hair roots starts with rhizobia attaching to young 

developing root hairs at the root tip zone. At the beginning, they attach loosely via a 

Ca
2+

 dependent step using a protein called rhicadesin. Later, they attach tightly through 

cellulose fibrils synthetised by the rhizobia (Hirsch, 1992). Nod factors secreted by 

rhizobia are perceived by receptors on the susceptible root hair inducing membrane 

depolarization, Ca
2+

 influx at the root tip and oscillations in cytosolic calcium (Ca
2+

 

spiking) (Ehrhardt et al., 1992; 1996). In M. truncatula the Nod factor receptor is called 

Medicago truncatula Nod Factor Perception (MtNFP) (Figure 6A). In response to Nod 

factor perception and signal transduction, early nodulation genes (ENODs) are induced 

in epidermal actively growing root hairs (Journet et al., 1994, 2001). However, the 

importance of Nod factor signalling continues as the invasion extends to the cortex and 

may also be important when bacteria are released into differentiating the nodule cells 

(Den Herder et al., 2007; Hadri and Bisseling, 1998). 

The infected root hairs deform in several unusual shapes. In the S. meliloti and M. 

truncatula symbiosis, they exhibit a typical óShepardôs crookô shape as rhizobia bind to 

the root hair, its growth is arrested on one side (Figure 1.6C; 1.7). This deformation can 

be influenced by plant hormones such as ethylene to regulate the frequency of 

productive infections, thus, acting as a negative regulator on nodulation (Oldroyd et al., 

2001). The root hair curls, trapping the rhizobia inside, followed by progressive 

invagination of the root hair cell membrane which forms a tubular structure that grows 

down the root hair to the cortical cells. This structure is known as the infection thread. 

Rhizobia keep growing and dividing inside the infection thread (Gage, 2004). While 

this is happening in the root hairs, cortical cells begin to divide (Figure 1.6B). It has 

been found that rhizobia unable to produce Nod factors and exopolysaccharides (EPS) 

are impaired to form infection threads successfully (Esseling et al., 2003; Jones et al., 

2007). Even though the precise functional role of EPS in symbiosis remains unclear 

(Kawaharada et al., 2015), EPS in Medicago symbiosis were shown to be important for 

early stages of plant infection, including the attachment of bacteria to the root surface, 

root hair curling, proper infection thread initiation and extension, bacterial discharge 

from infection threads, bacteroid development, suppression of plant defence responses 
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and successful nodulation (Kawaharada et al., 2015; Fraysse et al., 2003; Pellock et al., 

2000; Skorupska et al., 2006). However, effective invasions can also occur when 

synthetic Nod factors and exopolysaccharides are supplied in addition to S. meliloti 

strains (Klein et al., 1988).  

 

 

Figure 1.7 Developmental stages of root hair infection in S. meliloti. a) Infection 

threads initiation. b) Infection threads extension. c) Infection threads penetration. 

Modified figure from Jones et al., (2007). 

Cortical cell division initiates nodule formation. There are two main types of nodule 

structures and nodule differentiation programs, depending on the location of the initial 

cortical cell divisions. The model legume M. truncatula produces indeterminate nodules 
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as well as other temperate legumes including Medicago sativa, Pisum sativum, Vicia 

faba and Trifolium repens. Indeterminate nodules originate from pericycle and inner 

cortical cell divisions and are characterised by having an elongated shape and have a 

persistent meristem at the distal end, which generates new nodule cells that are infected 

by the rhizobia inside. Indeterminate nodules show a clear gradient of meristematic, 

infection and fixation zones. The division of the pericycle and inner cortical cells 

initiates a the nodule primordium. Middle cortical cell divisions create the nodule 

meristem (Figure 1.8) (Hirsch, 1992; Gage, 2004). On the other hand, determinate 

nodules found mostly in tropical legumes but also in temperate legumes (e.g. Lotus 

japonicus, Glycine max, Phaseolus vulgaris) originate from outer cortical cell divisions 

and tend to have a round shape and lack of the persistent meristem. Therefore, bacterial 

cells inside the nodule multiply, differentiate and senesce synchronically without the 

developmental gradient found in indeterminate nodules (Hirsch, 1992; van Spronsen; 

Mergaert et al., 2006). As this study was done mostly in M. truncatula, indeterminate 

nodulation will be reviewed.  

 

 

Figure 1.8 Indeterminate nodule structure A) Representation of an emerging nodule and 

the root tissues that give rise to different nodule zones. B) Longitudinal section of 10 

day-old alfalfa nodule, showing bacteroids (GFP labelled S. meliloti) in the different 

zones of the nodule: meristem, infection zone and fixation zone. At the right it is 

possible to see the root cross section. Plant tissue is seen counterstained with Propidium 

iodide (red). Modified figure from Gage, (2004). 

 

While inner cortical cells are dividing, outer cortical cells become polarized and 

cytoplasmic bridges are formed. The infection threads leave the root hair cells to enter 

A) B)
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to the outer cortical cells where they grow through the cytoplasmic bridges towards to 

the inner cortical cells. When rhizobia reach the inner cortical cells, they are internalised 

by endocytosis. The unit composed by an individual rhizobia and the surrounding 

endocytic membrane is called symbiosome (Brewin, 2004). Inside the symbiosome, 

rhizobia differentiate into their nitrogen fixing form called bacteroids (Jones et al., 

2007). Bacteroids are able to fix nitrogen from the atmosphere (N2) via nitrogenase 

activity. This enzyme reduces N2 into ammonia (NH3) so plants can use it as a nitrogen 

source. 

1.3.2  Control of nodulation 

Nodulation is controlled by abiotic factors such as temperature and nutrient availability. 

The most extensively studied has been nutrient availability, especially soil nitrogen 

content (Aranjuelo et al., 2015; Streeter, 1978). It has been shown that plants can 

control the nodule numbers by different mechanisms including control of plant defence 

responses, which are partly affected by the gaseous phytohormone ethylene, and a 

mechanism called autoregulation of nodulation (AON) by the plant host (Gage, 2004). 

1.3.2.1 Plant defence responses 

Nodulation is an extremely costly process for the host legume. It has been estimated that 

the biological cost of nodule establishment, nitrogen fixation and transport for the plant 

is 12-17 grams of carbon per gram of fixed nitrogen (Crawford et al., 2000). Thus, 

plants use different mechanisms in response to environmental conditions to regulate 

nodulation according to their requirements (Mortier et al., 2012). One of these 

mechanisms involves plant defence responses. Plants are able to defend themselves by 

controlling invasion of pathogenic microbes by generating a hypersensitive response, 

which can include the production of reactive oxygen species (ROS) and the 

modification of the cell wall composition. Membrane depolarization and calcium 

oscillations, necessary events in the nodulation pathway and root development, have 

been observed in plant cells responding to pathogenic elicitors such as chitins, 

oligosaccharides, flagellin and several peptides/peptidoglycans (Deger et al., 2015; see 

reviews, Vadassery and Oelmüller, 2009; Cheval et al., 2013). There is a growing 

realisation that plant ROS plays an important role in the establishment and maintenance 

of nodulation (Gourion et al., 2015). It has been postulated that ROS, in particular 

hydrogen peroxide, may modulate growth, deformation and root hair curling (Gage, 

2004). On the other hand it has been shown that Nod factors are able to reduce the 

generation of ROS in M. truncatula making ROS production transient. Thus, ROS are 
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linked to the Nod factor signal transduction pathway (Ivashuta et al., 2005; Shaw and 

Long, 2003a). It has been suggested that the transient production of ROS during 

nodulation is differentially regulated at different time points (Marino et al., 2009). It has 

been proposed that hydrogen peroxidase, through a posttranslational modification called 

sulfenylation, may regulate protein activity, which is important for a successful 

nodulation (Oger et al., 2012). It has been demonstrated that the M. truncatula rip1 

peroxidase gene, which has sequence motifs with homology to ROS responsive cis 

elements, has been transcriptionally induced in the presence of Nod factors (Cook et al., 

1995; Ramu et al., 1999). In P. vulgaris, reductions in ROS production causes a 

reduction in infection threads formation, density of symbiosomes in the nodule, nodule 

biomass, nodule numbers and nitrogen fixation (Montiel et al., 2012, Arthikala, et al., 

2014). A transcriptome analysis in inoculated M. truncatula plants with inhibited ROS 

production, inactivation of MtSpk1 gene, which encodes a putative protein kinase and is 

induced by exogenous hydrogen peroxidase, significantly reduced nodule numbers 

(Andrio et al., 2013). However, ROS are not the only plant defence responses involved 

in nodulation. Ethylene biosynthesis has been correlated with plant defence response 

(Marino et al., 2009). 

 

1.3.2.2 Ethylene 

Ethylene is a gaseous plant hormone that has been associated with plant growth, 

development, stress responses and fruit ripening (Yang and Hoffman, 1984). The 

precursor for the biosynthesis of ethylene is 1-aminocyclopropane-1-carboxylic acid 

(ACC), which is converted to ethylene by the enzyme ACC synthase. The role of 

ethylene in nodulation is not yet fully understood. It has been shown that ethylene, 

which is also involved in plant defence responses, negatively regulates nodule 

formation, infection thread initiation, root hair deformation, early gene expression, 

calcium spiking and nodule numbers (Oldroyd et al., 2001). Ethylene acts at early 

stages in the developmental nodulation pathway presumably at or upstream of calcium 

spiking and defines sensitivity of the plant to Nod factors (Oldroyd et al., 2001). On the 

other hand ACC synthase inhibitors such as aminoethoxyvinyl glycine (AVG) have 

been shown to increase nodulation (Oldroyd et al., 2001; Guinel and Geil, 2002). In 

addition, an ethylene-insensitive hypernodulation mutant sickle (skl) of M. truncatula 

has a mutation in the orthologous gene of Arabidopsis thaliana ETHYLENE-

INSENSITIVE2 (EIN2), leading to a significant increase in the number of nodules, 
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which are randomly distributed over the root perimeter of M. truncatula (Penmetsa and 

Cook, 1997; Penmetsa et al., 2008). Besides, Schuhegger et al., (2006) found that 

bacteria producing AHLs in the rhizosphere of tomato induced an ethylene dependent 

defence response, activating the induced systemic resistance (ISR) against the fungal 

pathogen Alternaria alternata. Apart from ethylene, abscisic acid (ABA) and jasmonic 

acid (JA) have been reported to have negative effects on nodulation (Mortier et al., 

2012). 

1.3.2.3 Autoregulation of Nodulation (AON) in M. trunca tula  

The numbers of nodules formed on legume roots are typically less than the numbers of 

initial infections. AON is a mechanism by which the plant closely controls nodule 

numbers systemically, where successful infections inhibit further cell divisions in other 

areas of the root (Mortier et al., 2012). This mechanism involves long distance 

signalling from root to shoot which is converted into a feedback regulatory response. 

This was demonstrated in a split root study where inoculation of one side of the root 

inhibits new nodule formations in the other side (Kosslak and Bohlool, 1984). Thus, the 

AON defines a temporal developmental time window in which roots are susceptible to 

inoculation with rhizobacteria. Nod factor perception activates AON at different times 

according to different legume species (Sargent et al., 1987; van Brussel et al., 2002). In 

M. truncatula the super numerary nodules (sunn) mutant is defective in autoregulation. 

Thus, sunn produce nodule numbers excessively in response to inoculation with 

rhizobia. Because of this, sunn is called a super numeric nodules mutant (Penmetsa et 

al., 2003). SUNN encodes a leucine-rich-repeat receptor-like kinase that acts in the 

shoot. It most likely perceives a peptide of the CLE family and subsequently transfers a 

signal to the rot to inhibit further nodulation (Mortier et al., 2012; Reid et al., 2011). 

 

The development of nodules and the control of nodule numbers are very similar to the 

development and regulation of lateral roots. For example, both processes are controlled 

by environmental factors like N availability (Goh et al., 2015; Jin et al., 2012); both 

processes require re-initiation of cell division in the root that is controlled by gradients 

of auxin and cytokinin (Mathesius et al., 2008; Bensmihen et al., 2015) and 

autoregulation mutants also showed root architecture phenotypes (Jin et al., 2012; 

Buzas et al., 2007). Therefore, when studying the control of nodule number, it is also of 

interest to ask to what extent this is nodulation specific, e.g. through control of infection 
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compared to hormonal effects on root development that could affect both nodulation 

and root architecture. 

1.4 The plant microbiome 

Agricultural productivity is highly influenced by soil microbes (Philippot et al., 2013; 

Bakker et al., 2012; Lau and Lennon, 2012). For instance, diverse soil microbial 

communities associated to Brassica rapa improved plant adaptation under drought 

stress (Lau and Lennon, 2012). Another example is the disease suppressive-soils, which, 

under favourable conditions for disease development, prevent the outbreak of plant 

diseases (Bulgarelli et al., 2013). The bacterial root microbiome can play a critical role 

in disease suppressiveness. This phenomenon is explained by the relative abundance of 

diverse microbial taxa in the soil more than the presence or quantity of particular taxa 

(Kent et al., 2002; Berendsen et al., 2012). Therefore, the plant-associated microbiome 

can confer an adaptive advantage to plants and be used as a powerful tool to improve 

sustainable agriculture (Bakker et al., 2012; Haney et al., 2015; Goh et al., 2013). 

 

1.4.1 Rhizosphere 

The rhizosphere, a narrow zone of soil influenced by plant roots, is one of the most 

dynamic and rich ecosystems on Earth (Tringe et al., 2005). Rhizosphere soil has been 

found to harbor up to 10
11

 microbial cells per root gram and more than 30.000 bacterial 

species (Egamberdieva et al., 2008; Mendes et al., 2011). This diverse and complex 

microbial community harbors a collective genome larger than that of the plant 

constituting the óplantôs second genomeô (Berendsen et al., 2012). Interestingly, this 

microbial biodiversity is associated with the rhizosphere but not with bulk soil which is 

known as the órhizosphere effectô (Berendsen et al., 2012; Lundberg, et al., 2012). This 

is a likely result of root exudation, as plant roots exude 5 % to 30 % of the 

photosynthates into the rhizosphere while the bulk soil, is limited in terms of nutrient 

acquisition (Marschner, 1995; Bulgarelli et al., 2013). Plants shape their microbiome 

through their root architecture, root exudates and rhizodeposition. Root exudates may be 

comprised of low molecular mass compounds including sugars, amino acids and 

organic acids and heavy molecular mass compounds such as mucilage (Knee et al., 

2001; Philippot et al., 2013). Root exudates vary depending on the plant age, soil type, 

nutrient availability and physiological state of the plant. Rhizodeposition is the secretion 



27 

 

of varied compounds (e.g. flavonoids, antimicrobial compounds) by the rhizodermis and 

the release of root border cells and root cap cells into the rhizosphere (Bais et al., 2006; 

Rudrappa et al., 2008; el Zahar Haichar et al., 2008; Bulgarelli et al., 2013; Philippot et 

al., 2013). Metatranscriptomic analysis in Arabidopsis plants revealed that 81 

transcripts were significantly expressed at distinct developmental stages, presumably to 

create a particular microbiome assemblage according to each developmental stage 

requirements (Chaparro et al., 2014). In addition, in a study conducted under drought 

stress in a desert farming region in Egypt, the root system of pepper plant (Capsicum 

annum L.) was able to assemble a drought resistance promoting microbial community 

(Marasco et al., 2012).  

In order to disambiguate terminologies, different concepts will be defined as follows:  

¶ Plant associated bacteria are the set of microbial organisms accompanying the 

plant 

¶ Microbiome is the set of microbial organisms in a specific niche (Bulgarelli et 

al., 2013). 

¶ Rhizosphere microbiota is constituted by bacteria, fungi (including mycorrhiza), 

oomycetes, viruses and archaea that live in the rhizosphere (Philippot et al., 

2013). 

¶ Endophytes are the set of microbial organisms inside of plant tissues (Bulgarelli 

et al., 2013). 

Bacterial endophytes along with bacteria from the rhizosphere (rhizobacteria) constitute 

the largest functional group of the plant growth promoting bacteria (PGPB) (Partida-

Martínez and Heil, 2011). Endophytes affect the epigenome and phenotype of plants 

(Partida-Martínez and Heil, 2011). 

1.4.2 Assemblage factors of microbial community in the rhizosphere 

Abiotic and biotic determinants are involved in the assembly of microbial community 

including plant species, soil type, biotic interactions, climate, plant diversity and 

agricultural practices (Philippot et al., 2013). In the past, controversy of whether the soil 

or the plant component was the main determinant in assembly root microbiota was 

debated. However, in the light of the recent literature, Bulgarelli et al., (2013) proposed 

a two-step selection process for root microbiota, which includes at first stage a rough 

microbial differentiation from the bulk soil to the rhizosphere by soil type and 

rhizodeposition, and a second step that consists in a finer and deeper differentiation 
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from the rhizosphere into the root microbiota. This dynamic model takes into 

consideration both soil and plant as cooperative determinants of the root microbiome. In 

a recent study, plant species, soil chemistry, spatial location and plant genus were found 

to be sequentially the best statistical predictors of soil microbial communities acting in 

dependent manner (Burns et al., 2015). 

Soil type strongly influences the composition of the plant microbiome (Bulgarelli et al., 

2012; Lundberg, et al., 2012). Rhizosphere bacterial communities are more similar to 

bulk soil communities than to internal root communities (Lundberg et al., 2012). In this 

context, soil can be considered as a microbial seed bank (Lennon and Jones, 2011). 

Even agricultural practices such as soil tillage, fertilisation and pesticide application 

affect the microbial composition in the rhizosphere (Gaiero et al., 2013). On the other 

hand, plant species and even different genotypes of particular species, growing in the 

same soil have exhibited distinct microbial communities (reviewed by Berendsen et al., 

2012). Plants secrete a myriad of chemical compounds into the rhizosphere including 

quorum sensing mimic molecules which can interfere with QS related behaviours 

including virulence factors (section 1.24). Interestingly, AHL-producing bacteria, 

specifically Pseudomonas spp., are found in higher proportion in the rhizosphere than in 

the bulk soil (Elasri et al., 2001). In a metagenomic approach to assess the root 

endophytic community of rice growing in field trials, putative functions as well as 

metabolic process were predicted as prominent features for endophytes to adapt in the 

root niche. Some of those features included quorum sensing. The authors highlight the 

potential for endophytes community to improve plant growth and health (Sessitsch et 

al., 2012).  

The rhizosphere is a highly dynamic ecosystem which is subjected to ever constant 

spatiotemporal changes where microbe-microbe interactions also may explain 

community differences (Schlaeppi et al., 2013). Cultivars can also affect the 

composition of the microbial communities in the rhizosphere. Characterisation of the 

microbial community in the rhizosphere of five potato cultivars indicated that cultivar 

strongly defined the microbial community structure in the rhizosphere (Ķnceoĵlu et al., 

2012). 

Microorganisms present on or in the seeds can potentially assemble part of the 

rhizosphere microbiota. Wild and modern maize varieties showed that at least one 

member of the core seed microbiota was able to colonise the rhizosphere (Johnston-
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Monje and Raizada, 2011). This effect is called the ómaternal effectô (Philippot et al., 

2013). In addition, the same study confirmed that this core seed microbiota was 

conserved across the different genotypes and that several seed endophytes were able to 

systemically colonise the plant. This suggests that plants are able to vertically transfer 

their seed borne microbiota to the next generation. 

Taking into consideration these findings, a totally microbe-free plant is an exception to 

the rule. Plant-microbe interactions phenotype is the result of a complex co-regulation 

of gene expression between plants and microbes (Partida-Martínez and Heil, 2011). 

Rosenberg et al., (2007) suggested the term óholobiontô to describe the concept of the 

eukaryote with its symbionts. Endophytes can be transmitted vertically via seeds or 

horizontally colonising plant tissues once the plant exists at different developmental 

stages (Johnson-Monje and Raizada, 2011). Disregarding the fact that plants are 

surrounded by bacteria and that bacteria can play a crucial role in plant phenotypes, can 

lead to an overestimation of the contribution of the plant to a given phenotype. Early 

studies characterising the plant microbiome used to use cultivation as a method to 

isolate plant associated microbial communities. Culture-dependent studies did not 

consider non-cultivable microbes and usually they focused on the assessment of a single 

specific microbe, limiting the comprehension of the microbial community diversity and 

its effect on the plant performance (Lebeis, 2014). Currently, technologies such as 

pyrosequencing and Illumina have identified and quantified microbial communities, 

including diversity of uncultured organisms, in complex systems such as the 

rhizosphere (Roesch et al., 2007; Bulgarelli et al., 2012; Lebeis, 2014).  

Traditional approaches to study plant-microbe interactions used single or specific 

microbes. For example, Medicago plants co-inoculated with Sinorhizobium medicae 

(symbiont) and P. fluorescens (rhizobacteria) improved symbiotic efficiency, increasing 

the rate of nodule initiation, and development as well as nodule number and nitrogen 

content (Fox et al., 2011). Moreover, in soybean co-inoculations with two endophytic 

bacteria along with the symbiont, improved nodule number, nodule nitrogenase activity 

and plant nitrogen content in comparison with single endophytic inoculations. This 

diversity and evenness in the microbiome improve adaptive plasticity in plants across 

diverse environments due to a rich community diversity and/or functional redundancy 

(Figure 1.9) (Bakker et al., 2012). 
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Figure 1.9 Schematic representation of different perspectives to study plant associated 

microorganisms in the rhizosphere. A) The restricted approach refers to the 

conventional study of plant growth promoting rhizobacteria (PGPR) mechanisms: 

Biofertilisation (increase of nutrient acquisition) depicted in violet text boxes, 

Phytostimulation in white boxes and Biocontrol in yellow boxes. B) The extended 

approach studies the effects of the microbiome on plant performance and vice versa 

considering biotic and abiotic factors. Abbreviations: ISR, induced systemic resistance, 

Pi inorganic phosphate, N2 atmospheric nitrogen, NH3 ammonia. 

 

The understanding of QS and how it moderates the interactions between plants and 

bacteria is in its very early stages. Nonetheless, the realisation of the importance of 

bacterial communication has been revealed in the continuous increase of publications in 

this area (Keller and Surette, 2006). A good example of this is exemplified by the web 

of science (Thomsom Reuters) outcome for the search the key words ñquorum sensingò, 

which is 15,690. While extensive research has focused on studying quorum sensing in 

bacteria less is known about plant-microbe interactions specifically, legume-rhizobia 

symbiosis. This is clearly shown by Hartmann et al., (2014) who pointed out a total of 

11 studies during 12 years directly addressing the impact of quorum sensing molecules 

on plant performance or plant-microbe interactions. In particular, it is important to 

define processes in plants that respond to QS signals and lead to altered plant 
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