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RESUMEN 

 

Rhizobium leguminosarum (Rl) es una alfa-proteobacteria capaz de establecer una simbiosis 

diazotrófica con distintas leguminosas. A pesar de la importancia de esta simbiosis en el balance 

global del ciclo del nitrógeno, muy pocos genomas de rhizobios han sido secuenciados, que aporten 

nuevos conocimientos relacionados con las características genéticas que contribuyen a importantes 

procesos simbióticos. Únicamente tres secuencias completas de Rl han sido publicadas: Rl bv. 

viciae 3841 y dos genomas de Rl bv. trifolii (WSM1325 y WSM2304), ambos simbiontes de trébol. 

La secuencia genómica de Rlv UPM791 se ha determinado por medio de secuenciación 454. Este 

genoma tiene un tamaño aproximado de 7.8 Mb, organizado en un cromosoma y 5 replicones 

extracromosómicos, que incluyen un plásmido simbiótico de 405 kb. Este nuevo genoma se ha 

analizado en relación a las funciones simbióticas y adaptativas en comparación con los genomas 

completos de Rlv 3841 y Rl bv. trifolii WSM1325 y WSM2304. Mientras que los plásmidos 

pUPM791a y b se encuentran conservados, el plásmido simbiótico pUPM791c exhibe un grado de 

conservación muy bajo comparado con aquellos descritos en las otras cepas de Rl. 

Uno de los factores implicados en el establecimiento de la simbiosis es el sistema de 

comunicación intercelular conocido como Quorum Sensing (QS). El análisis del genoma de Rlv 

UPM791 ha permitido la identificación de dos sistemas tipo LuxRI mediados por señales de tipo N-

acyl-homoserina lactonas (AHLs). El análisis mediante HPLC-MS ha permitido asociar las señales 

C6-HSL, C7-HSL y C8-HSL al sistema rhiRI, codificado en el plásmido simbiótico; mientras que el 

sistema cinRI, localizado en el cromosoma, produce 3OH-C14:1-HSL. Se ha identificado una tercera 

sintasa (TraI) codificada en el plásmido simbiótico, pero su regulador correspondiente se encuentra 

truncado debido a un salto de fase. Adicionalmente, se han encontrado tres reguladores de tipo 

LuxR-orphan que no presentan una sintasa LuxI asociada. 

El efecto potencial de las señales tipo AHL se ha estudiado mediante una estrategia de quorum 

quenching, la cual interfiere con los sistemas de QS de la bacteria. Esta estrategia está basada en la 

introducción del gen aiiA de Bacillus subtilis, que expresa constitutivamente una enzima lactonasa 

degradadora de AHLs. Para llevar a cabo el análisis en condiciones simbióticas, se ha desarrollado 

un sistema de doble marcaje que permite la identificación basado en los marcadores gusA y celB, 

que codifican para una enzima β–glucuronidasa y una β–galactosidasa termoestable, 

respectivamente. Los resultados obtenidos indican que Rlv UPM791 predomina sobre la cepa Rlv 

3841 para la formación de nódulos en plantas de guisante. La baja estabilidad del plásmido  que 

codifica para aiiA, no ha permitido obtener una conclusión definitiva sobre el efecto de la lactonasa 

AiiA en competitividad.  

Con el fin de analizar el significado y la regulación de la producción de moléculas señal tipo 

AHL, se han generado mutantes defectivos en cada uno de los dos sistemas de QS. Se ha llevado a 

cabo un análisis detallado sobre la producción de AHLs, formación de biofilm y simbiosis con 

plantas de guisante, veza y lenteja. El efecto de las deleciones de los genes rhiI y rhiR en Rlv 

UPM791 es más drástico en ausencia del plásmido  pUPM791d. Mutaciones en cinI o cinRIS 

muestran tanto ausencia de señales, como producción exclusivamente de las de bajo peso 

molecular, respectivamente, producidas por el sistema rhiRI. Estas mutaciones mostraron un efecto 

importante en simbiosis. El sistema rhiRI se necesita para un comportamiento simbiótico normal. 

Además, mutantes cinRIS generaron nódulos blancos e ineficientes, mientras que el mutante cinI 

fue incapaz de producir nódulos en ninguna de las leguminosas utilizadas. Dicha mutación resultó 
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en la inestabilización del plasmido simbiótico por un mecanismo dependiente de cinI que no ha sido 

aclarado. En general, los resultados obtenidos indican la existencia de un modelo de regulación 

dependiente de QS significativamente distinto a los que se han descrito previamente en otras cepas 

de R. leguminosarum, en las cuales no se había observado ningún fenotipo relevante en simbiosis. 

La regulación de la producción de AHLs Rlv UPM791 es un proceso complejo que implica genes 

situados en los plásmidos UPM791c y UPM791d, además de la señal 3-OH-C14:1-HSL. 

Finalmente, se ha identificado un transportador de tipo RND, homologo a mexAB-oprM de P. 

aeruginosa e implicado en la extrusión de AHLs de cadena larga. La mutación he dicho 

transportador no tuvo efectos apreciables sobre la simbiosis. 

 

 

 

SUMMARY 

 

Rhizobium leguminosarum (Rl) is a soil alpha-proteobacterium that establishes a diazotrophic 

symbiosis with different legumes. Despite the importance of this symbiosis to the global nitrogen 

cycling balance, very few rhizobial genomes have been sequenced so far which provide new 

insights into the genetic features contributing to symbiotically relevant processes. Only three 

complete sequences of Rl strains have been published: Rl bv. viciae 3841, harboring six plasmids 

(7.75 Mb) and two Rl bv. trifolii (WSM1325 and WSM2304), both clover symbionts, harboring 5 

and 4 plasmids, respectively (7.41 and 6.87 Mb). The genomic sequence of Rlv UPM791 was 

undertaken by means of 454 sequencing. Illumina and Sanger reads were used to improve the 

assembly, leading to 17 final contigs. This genome has an estimated size of 7.8 Mb organized in one 

chromosome and five extrachromosomal replicons, including a 405 kb symbiotic plasmid. Four of 

these plasmids are already closed, whereas there are still gaps in the smallest one (pUPM791d) due 

to the presence of insertion elements and repeated sequences, which difficult the assembly. The 

annotation has been carried out thanks to the Manatee pipeline. This new genome has been analyzed 

as regarding symbiotic and adaptive functions in comparison to the Rlv 3841 complete genome, and 

to those from Rl bv. trifolii strains WSM1325 and WSM2304. While plasmids pUPM791a and b are 

conserved, the symbiotic plasmid pUPM791c exhibited the lowest degree of conservation as 

compared to those from the other Rl strains.  

One of the factors involved in the symbiotic process is the intercellular communication system 

known as Quorum Sensing (QS). This mechanism allows bacteria to carry out diverse biological 

processes in a coordinate way through the production and detection of extracellular signals that 

regulate the transcription of different target genes. Analysis of the Rlv UPM791 genome allowed 

the identification of two LuxRI-like systems mediated by N-acyl-homoserine lactones (AHLs). 

HPLC-MS analysis allowed the adscription of C6-HSL, C7-HSL and C8-HSL signals to the rhiRI 

system, encoded in the symbiotic plasmid, whereas the cinRI system, located in the chromosome, 

produces 3OH-C14:1-HSL, previously described as “bacteriocin small”. A third synthase (TraI) is 

encoded also in the symbiotic plasmid, but its cognate regulator TraR is not functional due to a 

fameshift mutation. Three additional LuxR orphans were also found which no associated LuxI-type 

synthase.  

The potential effect of AHLs has been studied by means of a quorum quenching approach to 

interfere with the QS systems of the bacteria. This approach is based upon the introduction into the 
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strains Rl UPM791 and Rl 3841 of the Bacillus subtilis gene aiiA expressing constitutively an AHL-

degrading lactonase enzyme which led to virtual absence of AHL even when AiiA-expressing cells 

were a fraction of the total population. No significant effect of AiiA-mediated AHL removal on 

competitiveness for growth in solid surface was observed. For analysis under symbiotic conditions 

we have set up a two-label system to identify nodules produced by two different strains in pea roots, 

based on the markers gusA and celB, encoding a β–glucuronidase and a thermostable β–

galactosidase enzymes, respectively. The results obtained show that Rlv UPM791 outcompetes Rlv 

3841 for nodule formation in pea plants, and that the presence of the AiiA plasmid does not 

significantly affect the relative competitiveness of the two Rlv strains. However, the low stability of 

the pME6863 plasmid, encoding aiiA, did not lead to a clear conclusion about the AiiA lactonase 

effect on competitiveness.  

In order to further analyze the significance and regulation of the production of AHL signal 

molecules, mutants deficient in each of the two QS systems were constructed. A detailed analysis of 

the effect of these mutations on AHL production, biofilm formation and symbiosis with pea, vetch 

and lentil plants has been carried out. The effect of deletions on Rlv UPM791 rhiI and rhiR genes is 

more pronounced in the absence of plasmid pUPM791d, as no signal is detected in UPM791.1, 

lacking this plasmid. Mutations in cinI or cinRIS show either no signals, or only the small ones 

produced by the rhiRI system, suggesting that cinR might be regulating the rhiRI system. These 

mutations had a strong effect on symbiosis. Analysis of rhi mutants revealed that rhiRI system is 

required for normal symbiotic performance, as a drastic reduction of symbiotic fitness is observed 

when rhiI is deleted, and rhiR is essential for nitrogen fixation in the absence of plasmid 

pUPM791d. Furthermore, cinRIS mutants resulted in white and inefficient nodules, whereas cinI 

mutant was unable to form nodules on any legume tested. The latter mutation is associated to the 

instabilization of the symbiotic plasmid through a mechanism still uncovered. Overall, the results 

obtained indicate the existence of a model of QS-dependent regulation significantly different to that 

previously described in other R. leguminosarum strains, where no relevant symbiotic phenotype had 

been observed. The regulation of AHL production in Rlv UPM791 is a complex process involving 

the symbiotic plasmid (pUPM791c) and the smallest plasmid (pUPM791d), with a key role for the  

3-OH-C14:1-HSL signal. 

Finally, we made a search for potential AHL transporters in Rlv UPM791 genome. These signals 

diffuse freely across membranes, but in the case of the long-chain AHLs an active efflux system 

might be required, as it has been described for C12-HSL in the case of Pseudomonas aeruginosa. 

We have identified a putative AHL transporter of the RND family homologous to P. aeruginosa 

mexAB-oprM. A mutant strain deficient in this transporter has been generated, and TLC analysis 

shows absence of 3OH-C14:1-HSL in its supernatant. This deficiency was complemented by the 

reintroduction of an intact copy of the genes via plasmid transfer. The mutation in mexAB genes had 

no significant effects on the symbiotic performance of R. leguminosarum bv. viciae.  
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3-OH PAME  3-hydroxypalmitic acid methyl ester 
aa amino acid 
ACP acyl-carrier protein 
AHL N-acylhomoserine lactone 
AI-2  autoinducer – 2  
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ATP adenosine triphosphate 
BNF biological nitrogen fixation 
bp  base pairs 
bv. biovar 
C14-HSL         3-OH-C14:1-HSL 
CAI-1  V. cholerae autoinducer-1 
CDF cell density factor 
CoA coenzyme A 
cfu colony forming unit 
Da  dalton 
DAPI 4',6-diamidino-2-phenylindole 
DF diffusible factor 
DKP diketopiperazine 
DNA  deoxyribonucleic acid 
EDTA  ethylenediaminetetraacetic 
EPS exopolysaccharide 
GFP green fluorescent protein 
Gm gentamicin 
G(+) Gram-positive  
G(-) Gram-negative 
GFP green fluorescent protein 
gus  β- glucuronidase 
HPLC high-perfomance liquid chromatography 
HSL homoserine lactone 
kb kilobase 
Km  kanamycin 
LPS lipopolysaccharide 
Magenta-GlcA 5-bromo-6-chloro-3-indolyl- β-D-glucuronic acid 
Mb megabase 
MDa   mega Dalton  
MOPS   morfolinopropropanesulfonic acid 
MS mass spectrometry 
MU Miller Units 
nf  nitrofurantoin 
NJ neighbor joining 
ng nanograms 
OD600   optical density at 600nm 
ONPG 2-nitrophenyl- β -D-galactopyranoside 
ORF open reading frame 



  Abbreviations 

PCR polymerase chain reaction 
PQS Pseudomonas quinolone signal 
pSym  symbiotic plasmid 
PCWDE plant cell wall degrading enzyme 
QS quorum sensing 
QQ quorum quenching 
Rl Rhizobium leguminosarum 
Rlv Rhizobium leguminosarum bv. viciae 
RNA ribonucleic acid 
Rmin  Rhizobium minimal medium 
rpm  rounds per minute 
rRNA ribosomal ribonucleic acid 
RT room temperature 
SAM S-adenosyl-methionine 
SDS sodium dodecyl sulphate 
Sp  spectinomycin 
Str  streptomycin 
TBE  tris- borate-EDTA 
Tc  tetracycline 
TLC  thin-layer chromatography 
tRNA transfer ribonucleic acid 
TY tryptone yeast 
UHPLC ultra high-performance liquid chromatography 
UV ultraviolet 
WT wild type 
X-Gal   5-bromo-4-chloro-indolyl-β-D-galactopyranoside 
X-GlcA  5-bromo-4-chloro-3-indolyl- β-D-glucuronic acid 
YMB yeast mannitol broth  
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1.1. Cell to cell communication in bacteria 

 
1.1.1 Introduction to Quorum Sensing 

 

Over the last two decades the classical view of the microbial world as isolated single-celled 

organisms has remarkably changed. It has become apparent that bacteria communicate to one 

another by using small diffusible molecules in their highly complex communities (Hodgkinson 

et al. 2007). This language, termed quorum sensing (QS; Fuqua et al. 1994), enables individual 

cells to coordinate their behavior in a population by altering their gene expression (for 

reviews, see Reading and Sperandio 2006; Bassler and Losick 2006; Whitehead et al. 2001; 

Gonzalez and Keshavan 2006).  

As the bacterial culture grows, signal molecules, also known as autoinducers, are 

synthesized intracellularly at a basal level, and released into the extracellular environment 

where they accumulate. Once a threshold concentration of the autoinducer, and so a specific 

population density, is achieved, a coordinated change in the bacterial behavior is initiated 

(Williams et al. 2007). The binding of a regulator protein to the signal molecule activates the 

transcription-inducing activity of the protein leading to the switch on of genes controlled by 

QS, and therefore, to a coordinated population response (Diggle et al. 2007). This cell-to-cell 

communication system regulates a variety of physiological processes such as 

bioluminescence, motility, antibiotic biosynthesis, biofilm differentiation, conjugation and the 

production of virulence determinants in plant and animal pathogens (Laue et al. 2000).   

Being nowadays a widespread mechanism of gene regulation in bacteria, QS mechanism 

was initially reported in Streptococcus pneumoniae (Tomasz and Beiser 1965), where the 

entry into the competent state, in which bacteria undergoes genetic transformation by DNA 

molecules, was governed by an extracellular factor. This factor was later reported to be a 

modified peptide that synchronized the behavior of the bacterial population. Some years later, 

QS was also reported in the regulation of bioluminescence in the marine bacterium Vibrio 

fischeri, a symbiont that colonizes the light-producing organ of the squid Euprymna scolopes 

(Nealson et al. 1970; Eberhard et al. 1981). It is now clear that QS is a fundamental process in 

microbiology (Bassler and Losick 2006).  

Processes regulated by QS are unproductive when undertaken by an individual bacterium, 

but become effective when a group of bacteria acts together (Henke and Bassler 2004). As in 

the case mentioned above, one individual cell is unable to produce the amount of light 

necessary to be detectable, whereas a high cell-density population producing luminescence 
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would result in light production without a waste of energy.  Similarly, in the case of pathogens 

invading hosts, while a single bacterium expressing virulence genes is easily detected and 

dealt with by the host’s immune response, a coordinated population acting together makes 

the attack successful by remaining invisible until they reach a sufficient cell population to 

overwhelm the host before it has a chance to defense itself (Frederix and Downie 2011). 

When QS signals supply the information with respect to the local environment rather than the 

size of the population by detecting diffusion-limited situations, the term that has been 

adopted is diffusion sensing (Redfield 2002; Williams et al. 2007). In this context, for example, 

it would be better to secrete extracellular enzymes in an environment that does not allow the 

enzymes to diffuse away (Frederix and Downie 2011). These concepts of population density 

sensing and diffusion sensing have been unified in the concept of efficiency sensing (Hense et 

al. 2007). Another role that has been recently demonstrated for QS is the anticipation of 

overcrowding (Goo et al. 2012). With the increase of population density and the approach of 

stationary phase, QS allows individual to anticipate and survive stationary-phase stress.  

 

1.1.2. Molecular basis of Quorum Sensing 

 

QS circuits employed by Gram-negative and Gram-positive bacteria are different. A 

molecule is classified as a QS signal according to several defined criteria. First, the production 

of this signal should take place either during specific stages of growth, under certain 

physiological conditions, or in response to particular environmental changes. Second, it 

should accumulate in the extracellular environment and be recognized by a specific bacterial 

receptor. Third, the accumulation of a threshold concentration generates a concerted 

response. Finally, this response should extend beyond the physiological changes required to 

metabolize or detoxify the molecule (Winzer et al. 2002; Williams et al. 2007; Diggle et al. 

2007).  

In Gram-negative bacteria, the two most commonly used signalling molecules are N-acyl-

homoserine lactones (AHLs) and autoinducer-2 (AI-2), although several other molecules have 

been identified. In the case of Gram-positive bacteria, the systems primarily used are small 

peptide signalling systems. These systems and the nature of QS signalling molecules are 

explored in the following lines.  
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1.1.2.1. Gram-negative bacteria: the LuxRI signalling system 

The first QS system described was the LuxRI system from V. fischeri. The luciferase operon 

in V. fischeri is regulated by two proteins, LuxI (200 aa), a cytoplasmic enzyme which 

synthesizes the signalling molecule at a basal level, and LuxR (250 aa), which binds to its 

cognate autoinducer. This binding results in the activation of the regulator, which binds then 

to a 20-bp DNA region known as the lux box, leading to increased transcription of the 

luciferase operon. The luxI gene is also a target for the activated LuxR-autoinducer complex, 

resulting in a positive autoinduction mechanism (Williams et al. 2007). Since this initial 

finding, homologs of LuxR and LuxI have been identified in other bacteria. The LuxR-type 

proteins are transcriptional factors that share two regions, an amino-terminal domain that 

binds the signal and mediates protein oligomerization, and a cytoplasmic carboxy-terminal 

domain that includes a helix-turn-helix DNA binding region (Whitehead et al. 2001).  The 

DNA-binding domain is largely conserved, whereas the variability of the autoinducer-binding 

domain is responsible for the specificity of recognition towards the wide range of existing 

AHLs. LuxR regulators recognize specific signals and through its binding undergo 

conformational changes that result in activation of the transcription of their target genes by 

facilitating the binding of RNA polymerase to their promoters (Gonzalez and Marketon 2003). 

Despite the fact that most of LuxR-type proteins functions as activators, there are some cases 

where they have also been reported as repressors (see below).  

The LuxRI QS system is mediated by N-acyl-homoserine lactones (AHLs), which are the 

best studied signalling molecules (Fig. 1A). These signals present a conserved homoserine 

lactone ring connected through and amide bond to a variable acyl chain. Acyl chains vary in 

the number of carbons (from 4 to 18), and in the degree of saturation and substituent R 

groups, which may contain a hydrogen, oxo or hydroxyl group on the third carbon (Reading 

and Sperandio 2006; Whitehead et al. 2001). This variation provides a mechanism for 

specificity, enabling bacteria to distinguish between their own AHLs and those produced by 

other species (Frederix and Downie 2011). AHLs are highly susceptible to temperature and 

pH and are degraded at pH above 8.0 (Yates et al. 2002).  

Three classes of AHL synthases are considered. The major class of AHLs synthases 

corresponds to the LuxI-type; these enzymes generate AHLs from S-adenosyl-methionine 

(SAM) and acyl groups supplied by acyl-carrier proteins (ACP) (Moré et al. 1996). A second 

family of AHL synthases is represented by Vibrio harveyi LuxM (Bassler et al. 1993); members 

of this family are present in other Vibrio species, such as AinS in V. fischeri or VanM in V. 
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anguillarum (Hanzelka et al. 1999; Milton et al. 2001). These proteins catalyze AHL formation 

using the same substrates as LuxI proteins, in spite of the lack of sequence homology. 

However, they are not linked to cognate transcriptional regulators; instead, they are 

associated with genes coding for histidine protein kinase sensors that trigger a phosphorelay 

cascade (Williams et al. 2007). The third AHL synthase family includes HdtS from 

Pseudomonas fluorescens (Laue et al. 2000), and Act from Acidithiobacillus ferrooxidans (Rivas 

et al. 2007). 

 

 
 

Figure 1. Bacterial QS systems. A) AHL-mediated QS regulation in G(-) bacteria. AHL signals are 

produced by the LuxI-type synthases. At low population density, the AHL concentration remains low and 

the unstable LuxR receptor is rapidly degraded. When the AHL concentration reaches a threshold, AHLs 

binds LuxR, thus activating it. The activated AHL/LuxR complex modulates transcription of target genes. 

B) AIP (Autoinducing peptides)-mediated QS in G(+) bacteria. AIPs are produced as precursor peptides 

(propeptides) and are usually modified post-translationally before secretion via specialized transporters. 

At high concentration, the mature AIP binds and activates the cognate transmembrane histidine kinase 

(HK) receptor, which in turn activates the downstream response regulator (RR). The activated RR directs 

transcription of target genes (modified from Choudhary and Schmidt-Dannert 2010). 

 

 

LuxR regulators are classified according to their behavior and biochemical properties 

(Schuster and Greenberg 2008). Class I groups homologues to TraR from A. tumefaciens and 

LasR from P. aeruginosa. These regulators require the presence of AHLs for folding; they bind 
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AHLs tightly, thus enabling their binding to DNA. Class II proteins, represented by LuxR from 

V. fischeri or QscR from P. aeruginosa, require AHLs for folding, but binding of their ligands is 

reversible. Class III proteins, including ExpR from E. chrysanthemi and CarR from E. 

carotovora, do not require AHLs for folding, and are capable of binding to promoter sequences 

of target genes in the absence of AHLs, functioning as repressors. In this case, the interactions 

with the signals cause dissociation from their DNA sequences, thereby de-repressing those 

target genes (Ng and Bassler 2009; Yang et al. 2009). 

 

1.1.2.2. Gram positive bacteria: Autoinducing peptides (AIPs) 

QS in Gram-positive bacteria relies upon the production of small modified peptides that 

range from 5 to 34 amino acids in length, referred to as autoinducing peptides (AIPs). Before 

being exported through bacterial transporters, these peptides are post-translationally 

modified (Fig. 1B). Examples of such modifications are the incorporation of isoprenyl groups, 

as it is the case of ComX in Bacillus subtilis, and the formation of a cyclic thiolactone, as in S. 

aureus AgrD  (reviewed by Henke and Bassler 2004; Choudhary and Schmidt-Dannert 2010). 

AIPs secreted by bacteria are recognized by a transmembrane histidine kinase receptor able 

to autophosphorylate, which in turn interacts with a response regulator protein. 

Phosphorylation of this regulatory protein modifies its DNA binding activity, enabling it to 

regulate gene transcription (Henke and Bassler 2004; Ng and Bassler 2009). Based on their 

unique structure, three different families of AIPs have been described.  Class I includes 

lantibiotics, like the bacteriocin nisin from Lactococcus lactis, or subtilin in Bacillus subtilis. 

Class II groups thiolactone peptides like the octapeptide AIP-1, synthesized by agrBD and 

sensed by the AgrC/AgrA system in Staphylococcus aureus, where it controls pathogenesis. 

Class III AIPs includes isoprenylated tryptophan peptides like ComX from Bacillus subtilis 

(Reading and Sperandio 2006; Williams et al. 2007; Ng and Bassler 2009).   

 

1.1.2.3. Additional Quorum Sensing systems and signalling molecules 

AHLs and peptides represent the two major classes of QS signals, but new molecules are 

discovered that convey information between cells. Other small molecule signals that have 

been associated with QS are those from the autoinducer 2 (AI-2) family. These are the only 

known QS signals that appear to be shared by Gram(-) and Gram(+) bacteria (Bassler and 

Losick 2006), so they might be related to inter-species and intra-species communication. This 
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autoinducer, identified as a furanosyl borate diester in V. harveyi (Chen et al. 2002), controls 

the density-dependent expression of the luciferase operon. In this bacterium, AI-2 is 

synthesized by the LuxS enzyme, converting S-ribosyl-homocysteine (SRH) into homocysteine 

and 4,5-dihydroxy-2,3-pentanedione (DPD) (Schauder and Bassler 2001). DPD is then 

hydrated and cyclizes to form several furanones, rendering the final AI-2 signalling molecule 

by the addition of borate and the loss of water (Chen et al. 2002). AI-2 has also been purified 

from other bacteria, such as Salmonella typhimurium and E. coli, organisms where the 

structure of AI-2 varies slightly because it lacks the borate group (Miller et al. 2004). The AI-2 

receptor is the periplasmic protein LuxP, and the resulting complex interacts with the 

histidine kinase LuxQ, triggering a phosphorelay system. Although this autoinducer is 

widespread, its precise role is not clear; it is discussed whether all bacteria use AI-2 as a 

signalling compound, or rather it is a metabolic waste product of homocysteine and 

methionine biosynthesis (Wisniewski-Dye and Downie 2002; Reading and Sperandio 2006).  

Another QS signalling molecule, termed autoinducer-3 (AI-3), was discovered in 

Enterohemorrhagic Escherichia coli (EHEC). This molecule has activity in diverse bacteria 

such as Shigella, Salmonella or Klebsiella, relating this autoinducer to interspecies signalling 

among intestinal bacteria (Reading and Sperandio 2006). Besides this role, AI-3 resembles the 

human stress hormones epinephrine and norepinephrine, thus opening the possibility of 

interactions with the eukaryotic host (Sperandio et al. 2003). Enterohemorrhagic E. coli 

senses AI-3 produced by the normal intestinal flora and also these two hormones produced by 

the host. All these molecules are recognized by the same receptors and lead to the activation 

of the expression of the chromosomal pathogenicity island LEE and the flagella regulon. In the 

case of the flagellum, AI-3 is sensed by the sensor kinase QseC, which phosphorylates the 

response regulator QseB, activating transcription of the flagellum genes (Clarke and 

Sperandio 2005). 

Another type of signal has been reported in the soil-dwelling prokaryotes of the 

streptomycetes group. This bacteria use γ-butyrolactones to control morphological 

differentiation and secondary metabolite production. This is the case of the A-factor signal in 

Streptomyces griseus, which antagonizes ArpA, a DNA binding repressor protein (Onaka et al. 

1995). The structure of these signal molecules is analogous to that of AHLs (Bassler and 

Losick 2006).  

In Pseudomonas aeruginosa, besides AHLs, a further signalling molecule has been 

identified (Pesci et al. 1999): a 2-heptyl-3-hydroxy-4-quinolone (PQS) that belongs to the 
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family of 4-hydroxy-2-alkylquinolines (HAQ). The synthesis of this molecule is dependent on 

LasR, a LuxR-type regulator. The PQS signal is required for the production of rhl-dependent 

exoproducts at the onset of the stationary phase. Although being studied mainly in 

Pseudomonas, other bacteria like Burkholderia pseudomallei also produce HAQ molecules 

(Diggle et al. 2006).  

An additional signal molecule belonging to a new family of QS signalling molecules was 

isolated also from spent culture supernatants of P. aeruginosa (Holden et al. 1999). These 

molecules, known as diketopiperazines (DKPs), are synthesized by several organisms. These 

cyclic dipeptides are able to activate or inhibit some QS systems dependent on the 

concentration of AHLs.   

The phytopathogen Ralstonia solanacearum regulates the production of EPS and cell wall-

degrading enzymes in a cell density-dependent manner, with maximal expression at high cell 

densities. The signal molecule responsible for this regulation is 3-hydroxypalmitic acid methyl 

ester (3-OH-PAME), which is synthesized by the conversion of 3-hydroxypalmitic acid into a 

methyl ester, mediated by PhcB (Clough et al. 1997; Flavier et al. 1997). At low cell density, 3-

OH-PAME is sensed by PhcS, a histidine kinase sensor that phosphorylates PhcR. This 

response regulator represses the expression of phcA, encoding a LysR-type regulator that 

controls synthesis of EPS and extracellular enzymes, and hence the pathogenicity in R. 

solanacearum. This mechanism has been identified also in R. eutropha, where it regulates 

motility and siderophore synthesis (Garg et al. 2000).  

Extracellular enzymes and EPS, essential for pathogenesis in X. campestris, also show a 

cell-density dependent regulation (Barber et al. 1997). In this case, the autoinducer is a small 

diffusible molecule (DSF) identified as cis-11-methyl-2-dodecenoic acid. This molecule is 

produced by RpfF and is detected by the sensor kinase RpfC. The signal is then transmitted to 

the response regulator protein RpfG, which present a HD-GYP domain with 

phosphodiesterase activity involved in di-guanylate signalling (Whitehead et al. 2001).  

Another two-component regulator QS system is found in Vibrio cholerae and Legionella 

penumophila. These bacteria synthesize -hydroxy ketones (AHKs), named CAI-1 (13-carbon 

backbone) and LAI-1 (15-carbon backbone), respectively (Higgins et al. 2007; Spirig et al. 

2008).These signals regulate genes involved in pathogenesis and are synthesized via the 

enzymes CqsA and LqsA. AHKs are detected by the histidine kinases CqsS and LqsS, 

respectively (Winans 2011).  
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Table 1. QS signals. Chemical structure form representative autoinduces and their QS-controlled phenotypes. 

 

Autoinducer 
molecule 

Chemical structure Organisms 

 

AHLs 

 

    

A. tumefaciens 
(Conjugation of Ti plasmid) 

 
P. aeruginosa 

(Production of virulence factors) 

 

AIP 

 

 

Bacillus subtilis 

(Competence, sporulation) 

 

AI-2 

                          

V. harveyi 

(Bioluminescence) 

S. typhimurium 

(Lsr transporter) 

γ-butyrolactone 

 

 

Streptomyces griseus 

(Morphological differentiation)  

PQS 

 

P. aeruginosa 

(Pyocyanin production) 

DKPs 

 

P. aeruginosa 

(Cross-talk among QS systems) 

3-OH-PAME 

 

R. solanacearum 

(EPS and extracellular enzymes) 

DSF 

 

X. campestris 

(endoglucanase production) 

AHKs 

    

V.  cholerae;  L. penumophila 

(Virulence factor production) 

Bradyoxetin 

 

B.  japonicum 

(nodulation) 

ComX 

Furanosyl borate diester 

Furanosyl diester 

A-factor 

CAI-1 LAI-1 

3-oxo-C12-HSL 

3-oxo-C6-HSL 
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Finally, an additional QS system has been described in the nitrogen-fixing bacteria 

Bradyrhizobium japonicum. An extracellular signal molecule termed bradyoxetin was 

identified, which exerts a population density-dependent control (Loh et al. 2001; Gonzalez 

and Marketon 2003). This small diffusible signal molecule represses the nod genes 

responsible for nodulation at high population densities.  

 

1.1.3. AHL-driven quorum sensing circuits 

The best-characterized QS systems are those driven by AHL molecules, and for this reason, 

some aspects related to this type of QS mechanisms are explained in more detail.  

 

1.1.3.1. AHL synthesis 

As seen previously, the LuxI-type synthases, together with LuxM and HtdS AHL-synthase 

families, use the same substrates for AHL production. In this process (Fig. 2), SAM binds to the 

active site of LuxI and the appropriate acyl group is transferred to this complex from a 

charged acyl carrier protein (ACP). An amide bond is then formed between the acyl group and 

the amino group of SAM. Subsequent lactonisation results in the synthesis and release of the 

AHL and the by-product, 5’-methylthioadenosine (Moré et al. 1996; Whitehead et al. 2001; 

Gonzalez and Marketon 2003). 

Most of the LuxI homologs prefer fatty acid acyl carrier proteins (ACP) over fatty acyl-CoA 

as the acyl substrate for signal synthesis (Lindemann et al. 2011). However, novel signals 

produced upon this second substrate are arising, and are synthesized by aryl-HSL synthases. 

This is the case of RpaI from Rhodopseudomonas palustris, which produces p-coumaroyl-HSL 

(Schaefer et al. 2008), and BtaI from photosynthetic Bradyrhizobium ORS278, which 

synthesizes cinnamoyl-HSL (Ahlgren et al. 2011). p-coumaroyl-HSL is generated from SAM as 

the homoserine lactone ring donor, and p-coumaroyl-coenzyme A (CoA) for the side-chain 

substrate. The main substrate for p-coumaroyl-HSL synthesis, p-coumaric acid, is obtained 

from the extracellular environment and constitutes a major by-product from lignin 

degradation in plants (Schaefer et al. 2008; Ng and Bassler 2009). Another example is 

Bradyrhizobium japonicum BjaI, a branched-chain fatty acyl-HSL synthase that produces 

isovaleryl-HSL (Lindemann et al. 2011). This synthase prefers isovaleryl-CoA over isovaleryl-

ACP. The preference of an acyl-CoA substrate over acyl-ACP was proposed as the hallmark of 
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this subfamily (Lindemann et al. 2011). All these synthases have their corresponding LuxR-

regulator protein, RpaR, BtaR and BtaI, respectively.  

 

 

 

 
Figure 2. Enzymatic mechanism of AHL synthesis by LuxI. The reaction mechanism is sequentially 

ordered. The initial step is binding of acyl-ACP and SAM. ACP is released followed by amide formation 

between the amino group of SAM and the acyl group of the fatty acid. Lactonization of the homoserine 

lactone ring occurs with the subsequent release of the AHL and MTA in the final step. 
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1.1.3.2. AHL accumulation and transport 

 

AHLs present an amphipathic nature, with part of the molecule being hydrophobic (the 

variable acyl side chain) and the other one, hydrophilic (the constant lactone ring) (Gonzalez 

and Marketon 2003). The variability of the acyl side chain mentioned above is reflected in the 

degree of hydrophobicity of the AHL. It was originally believed that this characteristic allowed 

AHLs to traverse freely and in both senses the phospholipid bilayer of the cell membrane and 

subsequently accumulate in the surrounding milieu. This was confirmed for small molecules 

such as 3-oxo-C6-HSL from V. fischeri, which was radiolabeled to analyze the concentration 

gradient across the bacterial membrane (Kaplan and Greenberg 1985). However, improved 

understanding of AHL efflux mechanisms has led to the assumption that, whereas short-chain 

signals are capable of freely diffusing through bacterial membranes, more hydrophobic long-

chain AHLs are actively transported via efflux systems (Williams et al. 2007; Whitehead et al. 

2001; Parsek and Greenberg 2000). This theory has been proposed after the identification of 

mexAB-oprM, an active efflux pump (Fig. 3) necessary for the of 3-oxo-C12-HSL molecule in 

Pseudomonas aeruginosa (Pearson et al. 1999). This bacterium has two complete, intimately 

connected QS systems: lasRI producing this long AHL; and rhlRI, responsible for the synthesis 

of a smaller signal, C4-HSL. This study showed that in the absence of this pump, cellular levels 

of 3-oxo-C12-HSL were much higher than external levels. In contrast, C4-HSL freely diffused 

into and out the cells. In a recent study it has been demonstrated that mexAB-oprM is not only 

involved in the active efflux of 3-oxo-C12-HSL, but also prevents the access of exogenous 3-

oxo-acyl-HSLs to LasR, thus allowing the specific binding of this receptor to its cognate 

autoinducer (Minagawa et al. 2012).  

In P. aeruginosa the additional QS signal PQS and its precursor HHQ are also modulated by 

the MexEF-OprN efflux pump. When this pump is overexpressed, much less intracellular HHQ 

is available for PQS synthesis (Lamarche and Deziel 2011). This overexpression leads to a 

reduction in the expression of several QS regulated genes Olivares et al. 2012 and 

consequently, to the production of virulence factors (Kohler et al. 2001). Burkholderia 

pseudomallei also harbors an efflux pump related to QS, BpeAB-OprB. AHLs were undetectable 

in those strains overexpressing the repressor BpeR, and also in a bpeAB null mutant as a 

result of the abolishment of the expression of the synthase BpsI, attenuating the virulence of 

B. pseudomallei (Chan and Chua 2005; Chan et al. 2007).  
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Figure 3. Schematic illustration of mexAB-OprM 

RND multidrug efflux system from P. aeruginosa 

(adapted from Aeschlimann 2003). 

 

1.1.3.3. LuxR orphan regulators 

 

Given that the presence of QS regulation provides a competitive advantage for a 

population, a selective pressure also exists for non-QS bacteria to sense and respond to QS 

molecules produced within the community (Case et al. 2008). This fact may explain the high 

number of LuxR homologues that do not present an associated AHL synthase, constituting a 

novel class of LuxR regulators, termed LuxR orphans (Fuqua 2006) or LuxR solos 

(Subramoni and Venturi 2009). These proteins, although not directly controlling the synthesis 

of autoinducers, are able to interact with them, expanding the regulatory network of the 

bacterium (Patankar and Gonzalez 2009). Using 512 completed bacterial genomes as data set 

(Case et al. 2008), 45 bacteria were identified that contained LuxR homologues but no 

corresponding AHL synthases, suggesting that eavesdropping on QS bacteria creates the 

potential to compete and modulate the interaction with their competitors.  

Among these widespread LuxR orphans, SdiA is found in Escherichia coli and Salmonella 

typhimurium (Wang et al. 1991). This regulator does not present an associated luxI gene, but 

is able to respond to a wide variety of exogenous AHLs produced by other bacterial species, 

and regulates virulence in S. typhimurium and biofilm formation in E. coli (Case et al. 2008; 

Reading and Sperandio 2006). Another LuxR orphan, termed QscR, have also been identified 

in P. aeruginosa (Chugani et al. 2001). QscR represses the phenazine operon by forming 

OprM
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inactive heterodimers with LasR. Besides 3-oxo-C12-HSL, produced by the LasI synthase, QscR 

also responds to other long chain AHLs suggesting that this protein may respond to AHLs 

made by other bacteria within mixed bacterial populations (Lee et al. 2006; Patankar and 

Gonzalez 2009).  

Another example of Lux orphan is BisR, described in Rhizobium leguminosarum bv. viciae 

strain A34. BisR is highly homologous to CinR and represses the expression of cinI, 

maintaining a minimal endogenous concentration of 3-OH-C14:1-HSL, its cognate AHL, thus 

regulating plasmid transfer (Danino et al. 2003). In A. tumefaciens, TrlR is an homologue of 

TraR with a frameshift mutation in the carboxy-terminus of the protein. TrlR is able to bind 

AHLs, thus preventing TraR activation and inhibiting conjugation (Chai et al. 2001).  

In Erwinia species an orphan LuxR termed VirR or ExpR2 negatively regulates the 

production of plant cell wall degrading enzymes (PCWDEs) and also the expression of 

virulence genes in the absence of AHLs (Patankar and Gonzalez 2009). CarR is an orphan LuxR 

homologue described in Erwinia and Serratia species that controls carbapenem production. 

CarR activates the Erwinia car operon by binding to 3-oxo-C6-HSL (Coulthurst et al. 2005), 

whereas in Serratia CarR is repressed by SmaR. This repression is removed in the presence of 

C4-HSL, thus allowing the antibiotic production (Thomson et al. 2000). In other cases, AHL 

synthesis is not required for the regulatory activity of the orphan LuxR. For instance, in 

Xanthomonas species, orphan LuxR proteins required for virulence in rice and cabbage, OryR 

and XccR respectively, mediate gene regulation independently of AHLs (Patankar and 

Gonzalez 2009; Subramoni and Venturi 2009). ExpR from S. meliloti also belongs to this 

orphan LuxR family of transcriptional regulators, being able to act alone or in conjunction 

with AHLs produced by SinI. At low cellular AHL concentrations, motility is activated through 

ExpR, while with increasing concentrations of AHLs, motility is repressed (Gurich and 

Gonzalez 2009). An additional orphan LuxR, named NesR, has also been recently found in S. 

meliloti, where it influences nutritional and stress response activities, as well as 

competitiveness for nodulation (Patankar and Gonzalez 2009). These additional LuxR 

homologues may increase the potential to respond to exogenous signals produced by 

neighboring bacteria.  
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1.1.4. Quorum Sensing as an inter-species language 

Cell to cell communication processes can occur within and between bacterial species, and 

between bacteria and their eukaryotic hosts, thus revealing the complexity of this chemical 

language (Henke and Bassler 2004). 

 

1.1.4.1. Bacteria – bacteria interactions 

Many AHLs are synthesized by different bacterial genera, whereas many bacterial species 

can produce more than one type of AHLs (Whitehead et al. 2001). Given that LuxR-type 

proteins are extremely sensitive to the structures of their cognate autoinducers, minor 

modifications often abolish detection by the sensor (Henke and Bassler 2004). This fact led to 

the idea that these signals might constitute a cross-talk mechanism for organisms sharing the 

same environment. For example, in complex environments as the rhizosphere, where many 

different QS producing bacteria coexist, QS should enable these bacteria communities to 

maintain an ecological balance (Diggle et al. 2007).  

The luxS gene, responsible for the synthesis of AI-2, is present in over 60 species, 

suggesting that AI-2 may also form the basis of a widespread language used for interspecies 

communication (Williams et al. 2007). In the case of V. harveyi, a hybrid system between AHLs 

(AI-1) and AI-2 coexists, where AI-1 is used for intraspecies communication, whereas AI-2 

could serve for interspecies bacterial communication (Henke and Bassler 2004).  

To distinguish these multiple chemical signals when they are temporally coincident, 

bacteria follow different strategies (Henke and Bassler 2004). The term “coincidence 

detection” corresponds to the mechanism used by V. harveyi, which responds to its multiple 

autoinducers by converging sensory information received by two different sensor histidine 

kinases (LuxN and LuxO) into the same response regulator (LuxO). The opposite mechanism 

would be the “signal antagonism”, described in B. subtilis. In this bacterium the signals ComX 

and CSF have opposing effects on the response regulator ComA, causing phosphorylation or 

dephosporylation, respectively, and rendering two exclusive lifestyles of B. subtilis, 

competence and sporulation.  
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1.1.4.2. Bacterial – eukaryotic associations 

 Apart from acting as a cross-talk mechanism among bacterial populations, QS signals are 

also recognized by eukaryotic organisms, influencing their behavior. These organisms have 

evolved mechanisms to neutralize, disrupt or manipulate these QS systems in the bacteria 

they encounter (Sanchez-Contreras et al. 2007).  

The marine macroalga Delisea pulchra blocks interaction of the plant pathogen Serratia 

liquifaciens by producing an halogenated furanone, an AHL mimic, that disables the binding of 

the receptor proteins of the QS system present in this bacterium (Rasmussen et al. 2000). L-

canavanine, produced by the legume Medicago sativa, has also been reported as a QS inhibitor 

for abolishing the expression of the S. meliloti exp genes, responsible for the production of EPS 

II (Keshavan et al. 2005). The secretion of substances that mimic AHL signal molecules able to 

affect AHL-regulated behaviors in associated bacteria seems to be common among higher 

plants, such as garlic, tomato, or rice (Teplitski et al. 2000; Sanchez-Contreras et al. 2007). 

 Plants also respond to AHLs, as it is the case of Medicago truncatula. This plant responds to 

low concentrations of these signalling molecules by changing the levels of more than 150 

proteins, including auxin-responsive and flavonoid synthesis proteins (Mathesius et al. 2003). 

Significant changes in protein accumulation when plants are exposed to AHLs have also been 

reported in Arabidopsis thaliana, where 53 proteins were found to be altered, mostly located 

in the chroloplasts, and involved in diverse biological processes such as metabolism of 

carbohydrate and energy, defense response, or signal transduction (Miao et al. 2012). These 

data indicate that plants induce several physiological changes upon the presence of AHL-

producing bacteria. At the same time, fungi, as well as plants and algae, produce compounds 

that can interfere QS systems. This has been shown by Penicillium species that produce 

several compounds inhibiting AHL-mediated QS processes. Among these active compounds 

are found penicillic acid and patulin, both structural analogs of furanones (Rasmussen et al. 

2005; Sanchez-Contreras et al. 2007).  

 

1.1.5 Quorum quenching: mechanisms for QS disruption 

A number of bacteria coexisting with AHL-producer bacteria and eukaryotes have been 

found to produce enzymes that are able to interfere with QS signalling systems by degrading 

these signal molecules. This ability to counteract the QS signalling systems of competitors may 

constitute an important advantage in ecological niches (Zhang and Dong 2004). These 



                                                                                                            Chapter 1: Introduction 

18 

 

mechanisms allow what has been termed as “quorum quenching” (QQ; Dong et al. 2001).Over 

the last few years, accumulating evidence indicate that QQ enzymes and inhibitors are 

widespread among prokaryotic and eukaryotic organisms (Dong and Zhang 2005). The 

interference with AHL-based QS systems can be achieved through three strategies: inhibiting 

AHL biosynthesis; interfering with the signal by enzymatic degradation, thus preventing their 

accumulation; or antagonizing the AHL receptor (Zhang and Dong 2004;  Romero et al. 2012). 

Among the strategies to interfere with AHL biosynthesis, there are several metabolites that 

inhibit AHL production. For example, triclosan is a potent inhibitor of the enoyl-ACP 

reductase, involved in the synthesis of acyl-ACP (Zhang and Dong 2004). Analogues of SAM 

such as S-adenosylhomocysteine or S-adenosylcysteine are also potent inhibitors that 

inactivate LasI in P.aeruginosa (Romero et al. 2012).  

Enzymatic degradation of AHLs occurs mainly in two different ways, according to the 

enzyme’s mode of action (Fig. 4): lactonases hydrolyze the lactone ring, while acylases 

separate the homoserine lactone ring from the acyl side chain (Dong and Zhang 2005). 

Lactonases constitute the major class of enzymes identified to date. Reported to be 

cytoplasmic, most of them are nonspecific with regard to the length of the carbon acyl side 

chain. The best characterized is AiiA lactonase, from the soil bacterium Bacillus sp. This 

enzyme is believed to inactivate many AHL autoinducers (Bassler and Losick 2006), thus 

interfering with AHL signalling by other bacterial species with which Bacillus competes in 

nature (Dong et al. 2001). An AttM lactonase that prevents AHL accumulation was also 

identified in A. tumefaciens (Zhang et al. 2002). More recently, several novel lactonases have 

been reported, like AiiB, also found in A. tumefaciens; AhlD in Arthrobacter, or the novel metal 

independent lactonase, AidH, from Ochrobactrum sp. (Mei et al. 2010; Gao et al. 2013).  

According to phylogenetic analysis, all described lactonases can be classified in two 

clusters: the AiiA-like cluster and the AttM-like cluster (Dong and Zhang 2005). This enzyme 

activity has also been attributed to eukaryotic lactonases, named paraxonases (PONs) 

reported in mammalian cells. PONs display high degrading activity against long-chain AHL 

molecules (Czajkowski and Jafra 2009).  

Another enzymatic activity for degrading AHLs is acylase, which inactivates AHLs by 

hydrolyzing the AHL-amide bond, generating the free fatty acid and the homoserine lactone. 

This is the case for AiiD, found in Ralstonia species. This enzyme shows high substrate 

specifity, preferring long-chain AHLs (Lin et al. 2003 Czajkowski and Jafra 2009). Variovorax 

paradoxus also destroys AHLs by acylase activity, consuming the degradation products to 
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acquire carbon and nitrogen (Leadbetter and Greenberg 2000). Acylases have been identified 

in a variety of microorganisms: PvdQ and QuiP in Pseudomonas aeruginosa, AhlM in 

Streptomyces sp., or AiiC in the cyanobacterium Anabaena sp.  (Romero et al. 2011). Although 

most of them are intracellular enzymes, acylase AhlM is secreted outside the bacterial cell 

(Czajkowski and Jafra 2009).  

 

Figure 4. Chemical mechanism for AHL degradation. Lactonases hydrolyze the lactone ring. Acilases 

hydrolyze the AHLs amide bond, releasing homoserine lactone and the corresponding fatty acid. 

 

In contrast to lactonases and acylases activities, oxidoreductases are enzymes that do not 

degrade the signals, but catalyze their chemical modification targeting the acyl side chain 

towards oxidative or reducing processes. This activity was first reported in crude cell extracts 

of Rhodococcus erythropolis W2, reducing oxo-substitued AHLs to their hydroxyl forms (Uroz 

et al. 2008). A different type of degradation is caused by basic pH, which leads to the 

hydrolysis of the lactone ring. There are several plant species that increase the pH at infection 

sites as a mechanism for degrading AHLs (Geske et al. 2008) 

 

Halogenated furanones such as those produced by the red alga Delisea pulchra constitute 

one example of AHL analogues blocking the receptor protein, preventing activation of their 

target genes. These molecules are structural analogs of AHLs that mimic these signals, binding 

to LuxR-type regulators and causing their proteolysis (Manefield et al. 2002). They are able to 

inhibit swarming in S. liquefaciens and biofilm formation in P. aeruginosa (Ren et al. 2001). 

The potential of synthetic AHL mimics represents nowadays an attractive tool for the 

development of novel antibacterial therapies (Czajkowski and Jafra 2009), being able to act as 
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replacements for naturally occurring bacterial signals, antagonizing their receptors, and thus 

reducing the expression of QS-regulated genes (Romero et al. 2012).  

 QQ activity is recognized to be a promising strategy to control infection development and 

persistence in bacterial pathogens (Czajkowski and Jafra 2009). For example, transgenic 

potato and tobacco plants expressing aiiA shows enhanced resistance to Erwinia carotovora 

infections (Dong et al. 2000). Another approach has been the transformation of plants with 

genes encoding AHL synthases such as yenI and expI from Yersinia enterocolitica and E. 

carotovora, respectively, thus creating transgenic tobacco plants that produce AHL signal 

molecules. Cheating the bacterial population with plant-produced AHLs was supposed to 

activate prematurely the bacterial QS-regulated phenotypes, thus triggering early defense 

responses deleterious to these bacteria (Gonzalez and Keshavan 2006). The AHLs produced 

by the transgenic tobacco plants carrying yenI activated QS related phenotypes in P. 

aureofaciens and E. carotovora, whereas those transgenic plants carrying expI exhibited 

enhanced resistance to infection by E. carotovora (Fray et al. 1999; Mae et al. 2001). Also, the 

introduction of synthetically produced halogenated furanones into mice attenuated P. 

aeruginosa virulence and increased the survival of the mice in a lung infection model (Wu et 

al. 2004). QQ processes also seem to be common in the marine environment and among 

marine pathogenic bacteria, where a high abundance of enzymes able to inactivate AHL has 

been reported (Romero et al. 2011).   

 

1.1.6. Quorum Sensing in phytopathogenic bacteria 

The infection strategies of phytopathogens often require changes in gene expression and 

physiology in response to global changes in their environment. Genes for virulence and 

colonization of host surfaces have been shown to be regulated by QS in a number of different 

organisms, including plant pathogens. In each case, the target genes controlled by QS are very 

different, including the production of extracellular and degradative enzymes, antibiotics, 

siderophores, pigments, Hrp protein secretion, epiphytic fitness, biofilm formation, plasmid 

transfer, or motility (for reviews see Whitehead et al. 2001; Von Bodman et al. 2003;. Mole et 

al. 2007). Here we present QS mechanisms from a selection of bacterial phytopathogens. 

 

1.1.6.1. Erwinia carotovora 

In the early 1990s it was shown that the production of the β-lactam antibiotic, 1-carbapen-

2-em-3-carboxylic acid (carbapenem) by the plant pathogen Erwinia carotovora subesp. 
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carotovora (Ecc), was regulated by AHLs. This broad-host range pathogen is responsible for 

the soft-rot disease, which is of economic importance because of causing damages in various 

commercial crops. One of the mechanisms for pathogenicity in this bacterium is the 

production of exoenzymes, which collectively induce maceration of plant tissue (Whitehead et 

al. 2001). Also, carbapenem production is important for the elimination of sensitive bacterial 

competitors from the site of infection in the plant host. E. carotovora cell-to-cell 

communication systems include three transcriptional activators, responsive to two AHLs 

synthesized by a unique synthase (Mole et al. 2007). The car cluster, responsible for antibiotic 

production, is regulated by the LuxR-homologue CarR. Disruption of carR results in a null-

carbapenem phenotype (McGowan et al. 1995). 3-oxo-C6-HSL, produced by the LuxI homolog 

CarI (also referred to as ExpI), is absolutely required for carbapenem synthesis at early stages 

of growth (McGowan et al. 1995; Bainton et al. 1992). The production of exoenzymes 

(pectolytic enzymes, endoglucanases and proteases) is also cell-density dependent, 

decreasing their synthesis when carI is inactivated, thus leading to a reduction of virulence in 

planta. The gene for an additional LuxR-homologue, named ExpR (also known as ExpR1), has 

been identified in Ecc genome, lying adjacent to carI and covergently transcribed (Andersson 

et al. 2000). Another LuxR protein, named VirR for virulence repressor (also referred to as 

ExpR2), has been described in Ecc (Burr et al. 2006; Barnard et al. 2007). This protein is 

intimately involved in the control of virulence factor production in response to QS and, like 

ExpR, acts as a negative regulator of virulence factors in the absence of 3-oxo-C6-HSL. VirR 

regulates an extensive range of virulence factors, including T3SS, PCDWEs such as pectinases 

and cellulases, as well as less well-characterized virulence factors such Svx and Nip proteins 

(Corbett et al. 2005; Pemberton et al. 2005). In the absence of AHLs, both ExpR and VirR 

inhibit virulence by up-regulating the main virulence regulator, RsmA (a small RNA-binding 

protein) which targets and destabilizes the mRNA transcripts encoding many of these 

virulence factors (Mole et al. 2007). Binding to their cognate AHL inactivates ExpR and VirR, 

repressing rsmA and freeing these mRNA transcripts. The delayed production of cell-wall 

degrading enzymes is thought to avoid a premature host defense response elicited by the 

release of pectic wall fragments, thus awaiting till sufficient numbers of the pathogen are 

present before risking detection (Hardman et al. 1998; Von Bodman et al. 2003). In addition, 

once infection is achieved, the release of nutrients mediated by these exoenzymes ensures a 

food supply that is maintained protected from potential competitors through the production 

of carpapenem (Hardman et al. 1998).  
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1.1.6.2. Pantoea stewartii subs. stewartii  

Pantoea stewartii subs. stewartii (Pnss) causes Stewart’s wilt and leaf blight of sweet corn 

and maize, disease initiated when infected corn flea beetles feed on the host plant and deposit 

a bacterial inoculum directly into the feeding wounds (Koutsoudis et al. 2006). Pnss grows in 

the apoplast of young leaves and colonizes the xylem vessels, leading to vascular occlusion 

due to the accumulation of large quantities of an EPS called stewartan, thus blocking the free 

flow of water and leading to the wilting condition (Whitehead et al. 2001; Von Bodman et al. 

2003). The synthesis of this primary virulent factor is controlled by a QS system constituted 

by a LuxR homologue (EsaR) and a LuxI homologue (EsaI) that synthesizes 3-oxo-C6-HSL and 

minor amounts of 3-oxo-C8-HSL (Beck von Bodman and Farrand 1995). An esaI mutant does 

not produce AHLs neither stewartan, showing reduced virulence in planta. On the contrary, 

esaR and esaI/esaR mutants displayed a hypermucoid phenotype that is not rescued by the 

addition of exogenous AHLs (von Bodman et al. 1998). This indicates that EsaR acts as a 

negative regulator of the cps genes responsible for the EPS synthesis in the absence of AHLs 

(Von Bodman et al. 2003).  

The attenuated in vivo virulence in the Pnss QS regulatory mutant strains correlates with 

defects in bacterial adhesion (Koutsoudis et al. 2006). Bacterial biofilms are one of the 

mechanisms described as essential in pathogenesis, and also frequently associated with 

contamination of foods and corrosion of industrial and public infrastructure. Biofilms are 

nowadays one of the main targets of drug therapies. In the formation of these structures, cells 

abandon the isolation of the planktonic mode of growth and group together to form organized 

populations that tend to attach to solid surfaces (Diggle et al.; 2007). Encased in an 

extracellular polysaccharide matrix, biofilms are often highly resistant to UV radiation, pH 

changes, desiccation and treatment with antibacterial agents such as antibiotics (Parsek and 

Greenberg 2000; Rinaudi and Giordano 2010). AHLs are present in biofilms, being QS a key 

mechanism for governing various aspects of biofilm development, including adhesion, 

motility, maturation, and dispersion (Koutsoudis et al. 2006). In several species of bacteria, 

disruption of the QS system affects biofilm formation and differentiation, leading to biofilms 

that are more susceptible to treatment with biocides and antibiotics. P. stewartii utilizes the 

EsaI/EsaR QS regulatory system to govern the cell density-dependent expression of the well 

characterized cps gene system that encodes structural functions for EPS synthesis. An esaI 

mutant is able to attach firmly to surfaces and remains localized at the site of infection, 

whereas the wild-type strain moves at a high rate through the vascular system. In contrast, 



                                                                                                            Chapter 1: Introduction 

23 

 

the hypermucoid mutant strains esaR and esaI/esaR form atypical biofilms in vitro and loss 

their adhesion ability, decreasing dissemination and infectivity in vivo (Von Bodman et al. 

2003; Koutsoudis et al. 2006).  

In addition, EsaRI QS system also partially control the Hrp regulon which encodes the Hrp 

type III secretion system, needed for growing in the intercellular spaces of leaves and xylem. 

The expression of hrp effector genes was reduced by 100/1000-fold in an esaI mutant (Von 

Bodman et al. 2003). Moreover, the crtB-dependent production of a carotenoid pigment that 

imparts protection against UV radiation is also regulated by the EsaI/EsaR QS system and 

significantly contributes to the virulence of the pathogen in planta (Mohammadi et al. 2012). 

 

1.1.6.3. Agrobacterium tumefaciens 

Agrobacterium tumefaciens is a plant pathogen that has become the paradigm when 

talking about QS in soil bacteria. It has its QS system encoded on a tumor-inducing-plasmid 

(Ti) that is transferred directly into the nucleus of host plant cells, stimulating overproduction 

of growth hormones and consequent tissue proliferation to generate a crown gall tumor 

(Hodgkinson et al. 2007). The tumor secrete opines (octopines or agrocinopines), which are 

used by A. tumefaciens both as a nutrient source and also a chemical signal to induce conjugal 

transfer of Ti plasmid into tumor-inhabiting Agrobacterium cells that do not contain this 

plasmid (Whitehead et al. 2001). Ti plasmid encodes a LuxI-type protein called TraI, 

responsible for the synthesis of the signal molecule 3-oxo-C8-HSL, the cognate AHL of the 

transcriptional regulator TraR (Fuqua and Winans 1996). This QS system controls the 

expression of Tra and Trb proteins, needed for the conjugal transfer of this oncogenic 

plasmid, as well as the rep operon needed for the replication of the Ti plasmid. TraR control 

exerted over rep genes leads to an increase on the copy number of Ti plasmid at high 

population densities (Li and Farrand 2000; Von Bodman et al. 2003). 

According to the chemical signals secreted by the tumor, traR is induced under the control 

of two different regulators: OccR, which positively regulates the expression of traR in the 

presence of octopines, and AccR, which represses traR when the signals are agrocinopines 

(Whitehead et al. 2001; Gonzalez and Marketon 2003). TraR is unstable in the absence of 3-

oxo-C8-HSL and is degraded rapidly by endogenous proteases (Zhu and Winans 2001). In 

addition, a third protein (TraM) that modulates this QS system is encoded in both types of 

plasmids. TraM acts as an antiactivator of TraR at low cell densities (Fuqua et al. 1995). TraM 

is able to bind 3-oxo-C8-HSL, preventing TraR for binding to its target promoter sequences 
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(White and Winans 2007). A further LuxR homologue, named TrlR, has also been identified in 

octopine-type plasmids. Although sharing a high degree of sequence similarity with TraR, it 

has a frameshift in the carboxy-terminal (DNA binding) region. This negative regulator forms 

inactive TraR-TrlR hterodimers (Chai et al. 2001). The biological role of controlling the Ti 

plasmid transfer through QS might be to maximize the number of donor cells within a 

population via QS, thus increasing the chances of successful plasmid transfer to recipient cells 

co-inhabiting the gall (Piper and Farrand 2000).  

 

1.1.6.4 Ralstonia solanacearum 

The phytopathogen R. solanacearum causes vascular wilt diseases of many cultivated 

plants for its ability to produce an acidic EPS and plant cell wall-degrading extracellular 

enzymes. This bacterium inhabits the soil until it invades the roots of susceptible plants, 

colonizing the xylem and migrating to aerial parts of the plant (Mole et al. 2007). Expression 

of virulence factors occurs in a cell density-dependent manner, with maximal expression at 

high cell densities (Clough et al. 1997) and is regulated by the global virulence regulator PhcA, 

a LysR type regulator. Despite containing a luxRI homologue system, solIR, which is 

responsible for the synthesis of C6-HSL and C8-HSL, the production of EPS and extracellular 

enzymes is not altered when these genes are inactivated (Flavier et al. 1997). However, the 

expression of phcA is controlled by a non-AHL mediated QS system, the aforementioned signal 

molecule 3-OH-PAME, synthesized by PchB, and the two-compenent system composed by 

proteins PhcS and PhcR. PchS is a transmembrane histidine kinase, whereas PchR is the 

cognate response regulator with an unusual C-terminal kinase domain instead of a DNA-

binding domain (Clough et al. 1997). At low cell density, with low concentrations of 3-OH-

PAME, PhcS phosphorylates PchR, becoming a repressor of the transcriptional regulator phcA. 

As cell density increases and 3-OH-PAME reaches a critical threshold concentration, it binds 

to PchS reducing its ability to phosphorylate PchR. PhcR is dephosphorylated, thus relieving 

repression of PhcA, leading to an increased expression of pchA and production of PhcA-

regulated virulence factors, like EPS and cellulase (Whitehead et al. 2001; Mole et al. 2007). 

This mechanism has been also found in R. eutropha to control expression of motility and 

siderophore synthesis Garg et al. 2000. phcA mutants are deficient in the production of EPS 

and in pectin methyl esterase and endoglucanase activities, are hypermotile and show 

increased production of polygalacturonase and siderophore (Von Bodman et al. 2003). For 
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this reason, QS in R. solanacearum seems to modulate the transition from soil saprophytic into 

plant parasitic life-style.  

 

1.1.6.5. Xanthomonas campestris pv. campestris 

X. campestris pv. campestris (Xcc) is a vascular pathogen that causes black rot, considered 

the most important and most destructive disease of crucifers worldwide. Symptoms are 

mainly due to the blockage of the xylem by xanthan gum, the major EPS produced by Xcc (Von 

Bodman et al. 2003). This bacterium also produces a range of extracellular enzymes, such as 

proteases, pectinases and endoglucanase, that are essential for pathogenesis (Whitehead et al. 

2001). The synthesis of these virulence factors is regulated in a cell density-dependent 

manner, mediated by the diffusible signal molecule called DSF (Vojnov et al. 2001). This signal 

has been also linked to biofilm dispersal, flagellum synthesis, resistance to toxins and 

oxidative stress, and aerobic respiration (He et al. 2006). The pathogenicity genes are 

regulated by the rpf (regulation of pathogenicity factors) gene cluster. Among these genes, 

rpfB and rpfF are responsible for DSF synthesis. This signal is detected by a two-component 

signal-transduction system consisting of RpfC and RpfG (Mole et al. 2007). Disruption of 

either rpfC or rpfG led to a down-regulation on the production of pathogenicity factors, and a 

consequent decrease in the production of EPS and extracellular enzymes (Slater et al. 2000). 

Thus, RpfC appears to be a positive regulator of extracellular enzymes and EPS in response to 

environmental signals, but a negative regulator of DSF synthesis, whereas RpfG seems to 

positively regulate both processes.  

A similar signal (DF, diffusible factor), regulates the production of the xanthomonadin 

pigment and EPS, which contributes to the epiphytic survival of Xcc (Poplawsky and Chun 

1997). Xanthomonadin production is crucial for protection of the bacteria against UV light. 

Non-pigmented pigB mutants cannot synthesize DF, show reduced EPS levels, are less virulent 

and are impared in epiphytic survival (Poplawsky and Chun 1997). The fact that EPS 

production is regulated by both DF and DSF signals suggests that these two QS systems may 

interact with each other. The ability of regulating different sets of virulence genes through 

two different QS signal molecules may provide Xcc the plasticity to respond to different 

environmental conditions (He and Zhang 2008). 
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1.1.6.6. Burkholderia glumae 

Burkholderia glumae is an emerging seed-borne rice pathogen as causative agent of rice 

grain and seedling rot in many fields around the world (Ham et al. 2011; Eberl and Riedel 

2011). B. glumae produces the phytotoxin toxoflavin and a secreted lipase as the two major 

virulence factors, both essential for pathogenesis (Degrassi et al. 2008). The synthesis of these 

two factors is regulated by a QS system consisting in the C8-HSL synthase TofI and its cognate 

receptor, TofR (Kim et al. 2004). It has been demonstrated that toxoflavin biosynthesis by the 

tox operon (toxABCDE), relies on tofRI and on an IclR-type transcriptional regulator named 

QsmR. QsmR also affects flagella synthesis and the expression of a major catalase, katG, 

involved in protection against ROS (Chun et al. 2009; Eberl and Riedel 2011). TofR activates 

qsmR expression by binding directly to its promoter region (Kim et al. 2004). A TofI-deficient 

mutant is unable to product both AHL and toxoflavin, whose synthesis is also abolished in a 

TofR mutant. C8-HSL is also required for swimming and swarming. Both TofI and TofR 

mutants are not-pathogenic in rice. In a recent study, the proteome of the tofI mutant was 

compared to that from the wild type, and 79 proteins were identified as differentially 

expressed. Among this set of proteins, 34 were secreted through the type II secretion system 

(T2SS), including lipases and proteases involved in pathogenesis. It has also been 

demonstrated that T2SS is controlled by QS through QsmR (Goo et al. 2010).  

There is still an additional regulator (tofM, located in the intergenic region between tofI 

and tofR) that plays also a major role in this QS network. This gene is a homologue of rsaM, 

encoding a negative regulator for the QS system of rice pathogen Pseudomonas fuscovaginae. A 

tofM-deficient strain produced a lower amount of toxoflavin and shows an attenuated 

virulence when compared with its wild type strain. This indicates a TofM-dependent positive 

regulation of toxoflavin production and virulence (Chen et al. 2012).  

 

1.2. The Rhizobium-legume simbiosis 

 

1.2.1. Relevance of biological nitrogen fixation 

Nitrogen is, together with water, the main limiting factor in crop production. Despite being 

abundant in the atmosphere, this essential nutrient for all green plants must be modified into 

ammonium (NH4+) or nitrate (NO3-) before it can be readily utilized by most living systems. 

Supply of nitrogen through fertilizers has become a decisive impulse for the increase of 

productivity of the current agricultural systems (Galloway et al., 2008 Galloway et al. 2008). 
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Chemical conversion of ammonium nitrate is done using the Haber-Bosch process, which 

requires high temperatures and pressures. This process is highly energy-demanding, 

consuming ca. 2% of world energy (IFA statistics, 2011). The increase on the surface of 

cultivated areas and the extension of the intense fertilization practices occurred during the 

Green Revolution in the 1960s have notably increased the amount of added fertilizers, which 

are nowadays more than 130 Mt. However, the low efficiency of these fertilizers due to losses 

through lixiviation to water courses and desnitrification processes, has severe environmental 

concerns and negative consequences on the nitrogen cycle, like the impact of the growing 

amount of N2O, an important gas related to greenhouse effect emitted by agricultural soils 

(Cranfield et al., 2010). For this reason, the development of alternatives allowing the 

reduction of nitrogen fertilizers but maintaining crop production is desirable.  

A relevant factor that can contribute to mitigate the problems linked to nitrogen fertilizers 

is the biological nitrogen fixation (BNF). This complex process, carried out exclusively by 

prokaryotic microorganisms, allows the conversion of atmospheric N2 into ammonia by the 

nitrogenase enzymatic complex. This enzyme is present in a wide variety of microorganisms, 

including Bacteria and Archaea. From an agricultural point of view, the most reflevant BNF 

system is the symbiotic association between legumes and bacteria belonging to Rhizobium 

group, which supplies worldwide 45 Mtm of nitrogen to the agricultural lands.  

 
1.2.2. Establishment of the Rhizobium-legume symbiosis  

Rhizobia are Gram-negative bacteria that can establish nitrogen-fixing symbiosis with 

members of the Fabaceae family. This interaction leads to the formation of nitrogen-fixing 

structures called nodules, a plant organ developing usually on the root of the host plant. In 

exchange for photosynthetic products, nitrogen-fixing forms of rhizobia, known as bacteroids, 

support plant growth by reduction of the atmospheric nitrogen gas into ammonia, which is 

then metabolized by the host plant (Kereszt et al. 2011).  

The development of nitrogen-fixing nodules is a complex multistep process that starts with 

chemotaxis towards the plant roots and a specific exchange of signal compounds. In most 

cases host specifity and nodule initiation depend, at first stage, on the flavonoids secreted by 

the host plant into the rhizosphere, which can passively diffuse across the bacterial 

membrane (reviewed by Downie 2010). These molecules are usually recognized by the 

bacterial transcriptional factor nodD, which binds to the promoters of the rhizobial nod genes, 

inducing the production of Nod factors. Nod factors, chemically lipochitin oligosaccharides, 
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are key bacterial determinants of symbiotic specificity, determining which legumes the 

bacteria will be able to nodulate. Nod factor perception and signal transduction pathways in 

the host root induce a number of biochemical and morphological changes resulting in the 

development of nodules (Oldroyd and Downie 2008). As a result of signal exchange, root hairs 

curl, trapping rhizobia, which then enter the root hair through tubular structures known as 

infection threads that are formed by the plant. The infection threads then grow into the 

developing nodule cortex transporting the bacteria to the nodule primordium. The release of 

bacteria into plant cells is initiated by the formation of an infection droplet that is formed at 

the tip of infection threads. The plant cell membrane then outgrows and bacteria are taken up 

into the plant cell lumen by endocytosis (Prell and Poole 2006). The organelle-like structures 

that are released into the cytoplasm, called symbiosomes, are composed of the nitrogen-fixing 

forms of rhizobia called bacteroids, the peribacteroid space and the enveloping peribacteroid 

membrane of plant origin.  

Two different types of nodules, namely determinate and indeterminate, can be formed. In 

determinate nodules such as those observed in Lotus japonicus, soybean and bean, the 

meristem functions until the formation of the nodule primordium. In these nodules, individual 

symbiosomes fuse and/or bacteroids further divide within the symbiosome, which results in 

symbiosomes that contain several bacteroids. These bacteroids are similar in size and 

morphology to free-living cells. In contrast, in indeterminate nodules, such as those from 

alfalfa, pea or vetch, an active meristem persists and individual symbiosomes further divide, 

together with the bacteroid, resulting in single bacteroids within a symbiosome. These 

bacteroids are strongly elongated and most of them branched. The new generations of cells 

are produced in a developmental gradient and these nodules are composed of different zones: 

the apical meristem (zone I), the invasion zone (zone II), the interzone II-III, the nitrogen-

fixing zone (zone III), and the senescence zone (zone IV) in older nodules. The size of the 

meristem, zone II and interzone II-III is constant, while zone III and IV increase with the 

nodule age (Kereszt et al. 2011). Alfalfa, pea and vetch species belong to the inverted-repeat-

lacking clade (IRLC) of the Papilionoidae subfamiliy. It has been recently observed that the 

terminal bacteroid differentiation in these plants is characteristic or IRLC legumes, and is 

induced by nodule—specific cystein-rich (NCR) peptides encoded in the host plant Van de 

Velde et al. 2010). These NCR peptides of 25 to 50 amino acids in mature form resemble 

defensin antimicrobial peptides (AMP), the known effector molecules of animal and plant 

innate immunity (Mergaert et al. 2003, Kereszt et al. 2011). 
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In mature nodules, bacteroids synthesize nitrogenase and other proteins required for 

nitrogen fixation. Bacteroid nitrogenase catalyzes the reduction of atmospheric N2 to 

ammonium, which is secreted to the plant. In exchange, the plant provides carbon and energy 

sources to bacteroids. 

  

1.2.3. Quorum Sensing in endosymbiotic bacteria 

As seen above, the symbiotic relationships formed between the nitrogen-fixing rhizobia 

and their legume hosts are the result of a complex signalling network between the 

corresponding plant host and the symbiont (Gonzalez and Marketon 2003). The process of 

symbiosis leads to an accumulation of rhizobia around the plant roots and root hairs, due to 

the supply of nutrients that enable bacteria to grow in the rhizosphere, leading to the 

formation of microcolonies of bacteria attached to the root hairs (Downie 2010). This rise in 

rhizobial cell density might reflect the importance of QS in the early steps of nodulation (Fig. 

5), more precisely in the signalling exchange processes (together with flavonoids, Nod factors 

and exopolysaccharides), determining those bacteria that successfully initiate infection and 

multiply within the plant (Downie 2010). 

 

QS affects many physiological processes in rhizobia, such as transfer of plasmids and 

integration of symbiotic islands, surface polysaccharide production, motility, nodulation 

efficiency or growth inhibition (Nievas et al. 2012). Members of the Rhizobium genus show 

considerable diversity with respect to the number and nature of AHL signals produced (Cha et 

al. 1998). The implications of QS in the establishment of a successful symbiotic association for 

different rhizobia are discussed below. 
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Figure 5. Potential involvement of QS signals in nodule development on legume roots. In the early 

interaction between the root and rhizobial bacteria there is a chemical dialogue through different signals. 

QS signals are thought to participate at early steps of the process. Chemical dialogue involving flavonoids 

secreted by the plant and Nod factors produced by the bacteria results in infection thread formation, which 

progresses into the inner cortex, where cells proliferate and lead to nodule formation.  

 

 

1.2.3.1. Rhizobium etli  

QS has been studied in two different R. etli strains: CNPAF512 and CFN42. CNPAF512 

makes up to seven AHLs by two different QS systems located in the chromosome: cinRI and 

raiRI. The first of them, cinRI, is responsible for the synthesis of the long-chain AHL, 3-OH-

C14:1-HSL, whereas raiRI produces multiple short-chain AHLs. A double mutant raiI cinI 

completely loses AHL production (Daniels et al. 2002). The first evidence linking QS to 

symbiosis was observed when a raiI mutant induced a two-fold increase the number of 

nodules in bean, although nitrogen-fixing activity was not affected (Rosemeyer et al. 1998). 

Rosemeyer et al. 1998On the contrary, mutations in cinI and cinR resulted in a decrease of 

more than 50% in the acetylene reduction activity. Moreover, symbiosomes with cinI mutant 

bacteroids did not fully differentiate compared with the wild type symbiosomes (Daniels et al. 

2002). Also, cinI and raiR mutants were affected in growth, delaying the entry into stationary 
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phase (Daniels et al. 2002). More recently, it has been shown that the R. etli cin system is 

required for swarming migration, as cin mutants are no longer able to move over solid 

surfaces (Daniels et al. 2004). It has been later reported that AHLs carrying long acylside-

chains, as 3-OH-C14:1-HSL, possess significant biosurfactant activity at biologically relevant 

concentrations and directly promote surface migration in R. etli (Daniels et al. 2006). 

QS in R. etli CFN42 controls conjugal transfer of the symbiotic plasmid p42d through the 

action of the traI-trb operon, located in the p42a plasmid. In this system, traI synthesizes 3-

oxo-C8-HSL signal. Three LuxR-type regulators are encoded on this plasmid: traR, cinR and 

traM, all of them involved in the transfer of p42a. However, the symbiotic process seems not 

to be affected, as p42a free derivatives are able to effectively nodulate beans (Tun-Garrido et 

al. 2003; Gonzalez and Marketon 2003). There is another reactive spot that comigrates with 

the 3-oxo-C8-HSL, presumably 3-OH-C8-HSL, whose synthase might be encoded in the 

chromosome or in a plasmid different from p42a (Tun-Garrido et al. 2003). 

 

1.2.3.2. Sinorhizobium meliloti 

As in the previous case, QS systems have been well characterized in two different strains. 

In the sequenced strain S. meliloti Rm1021 two different systems have been identified: 

expR/sin and mel. The first one is encoded in the chromosome and is composed of two 

transcriptional regulators, SinR and ExpR (homologous to Rhizobium leguminosarum bv. 

viciae RhiR protein) and the SinR-controlled autoinducer synthase SinI, responsible for the 

production of long-chain AHLs: C12-HSL, C14-HSL, 3-oxo-C14-HSL, C16-HSL, C16:1-HSL, 3-oxo-

C16:1-HSL, and C18-HSL, the longest AHLs identified so far (Marketon and Gonzalez 2002; 

Llamas et al. 2004). This ExpR/Sin QS system plays an important role in the successful 

establishment of symbiosis with its host plant Medicago sativa, inducing the production of the 

symbiotically essential exopolysaccharides succinoglycan (EPS I) and galactoglucan (EPS II) 

(Gurich and Gonzalez 2009; Rinaudi and Giordano 2010). The synthesis of EPS II, encoded by 

the exp genes, is abolished in the absence of SinI of ExpR regulatory components (Marketon et 

al. 2003; Pellock et al. 2002). The production of succinoglycan, encoded by the exo genes, is 

also reduced in the absence of a functional ExpR/Sin system (Glenn et al. 2007). QS in this 

bacterium plays also an important role in adjusting motility and chemotaxis, downregulating 

the genes responsible for this process at a high cell population density (Gurich and Gonzalez 

2009). Regarding the symbiotic phenotype, plants inoculated with a sinI-deficient strain 

showed a significant reduction in the total number of nodules per plant compared to the wild 
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type, as well as a delay in the appearance of nitrogen-fixing nodules, what led to a decrease in 

plant development (Marketon et al. 2003). Therefore, as microarray data has shown, QS plays 

a crucial role in the regulation of many cell functions (over 200 genes) that ensures the 

successful invasion of the host. These QS systems are likely inactivated once symbiosis is 

established (Hoang et al. 2004). In contrast, an expR mutant invaded plants as efficiently as 

the wild type. It has been also reported that the expR gene is interrupted by a native insertion 

sequence in the sequenced strain 1021, which was thought to be a wild-type strain. 

Spontaneous excision of this insertion sequence restored functional AHL receptor activity in 

the resulting strain, 8530 (Pellock et al. 2002). Regarding the second QS system present in S. 

meliloti Rm1021, it was discovered when a sinI mutant did not abolish the synthesis of short-

chain AHLs, including C8-HSL. This system, named mel is still uncharacterized (Gonzalez and 

Marketon 2003).  

In addition to the Sin and Mel systems, S. meliloti Rm41 carries a Tra system, located on 

the pRme41a plasmid. This QS system is responsible for the synthesis of short-chain AHLs and 

regulates conjugal plasmid transfer in this S. meliloti strain (Marketon et al. 2003). 

 

1.2.3.3 Rhizobium sp. strain NGR234 

Rhizobium sp. strain NGR234 is a unique alphaproteobacterium able to form nitrogen-

fixing nodules with over 100 different legume species (Pueppke and Broughton 1999). This 

strain harbors plasmid pNGR234a, containing rep genes for plasmid replication and the traI-

trb operon involved in conjugal transfer, including homologues of the A. tumefaciens Ti 

plasmid QS regulators TraI, TraR and TraM (Freiberg et al. 1997). TraI synthase was shown to 

be responsible for the synthesis of an acyl-HSL that is probably 3-oxo-C8-HSL (He et al. 2003). 

As in A. tumefaciens, NGR234 traI is regulated by TraR and its cognate signal, and TraR is 

repressed by TraM (Gonzalez and Marketon 2003). However, pNGR234a transfer occurs at a 

lower frequency than that of the Ti plasmidHe et al. 2003. NGR234 traI mutants and a 

pNGR234a-cured derivative still produce a similar compound comigrating with this acyl-HSL, 

along with another molecule that seemed to be a long-chain AHL (He et al. 2003). Another traI 

homologue (NGR_c16900) has been found recently, together with its possible regulator 

(NGR_c16890); both proteins are encoded in the chromosome, and were designated ngrI and 

ngrR, respectively (Schmeisser et al. 2009).  

The genome of NGR234 also indicated that this bacterium harbors a large number of 

genes related to quorum quenching enzymatic activity (Schmeisser et al. 2009). It has been 
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recently shown that five of these ORFs (designated dlhR, qsdR1, qsdR2, aldR, and hitR-hydR) 

interfere with AHL signalling molecules. Transfer of these genes into P. aeruginosa PAO1 

resulted in strongly reduced motility and biofilm phenotypes as a result of AHL degradation. 

The richness of ORFs linked to QQ activity in NGR234 suggests that this is an important 

feature, possibly related to rhizosphere colonization and growth in the soil (Krysciak et al. 

2011). 

 

1.2.3.4. Mesorhizobium tianshanense 

The first functional analysis of QS regulation in the genus Mesorhizobium was carried out 

in M. tianshanense, symbiont for eight different legume species, including Glycyrrhiza. This 

study revealed the presence of a LuxR-type regulator (MrtR) and an AHL-synthase (MrtI), that 

produces multiple AHL molecules in the strain CCBAU 3306 (Zheng et al. 2006). It has been 

demonstrated that the transcriptional activator MrtR can fold independently of its ligand 3-

oxo-C12-HSL (Yang et al. 2009). mrtI and mrtR mutants are unable to form nodules in 

Glycyrrhiza uralensis. mrtI mutants are affected in root attachment, with a reduction of 60% 

referred to the wild type. These data indicate that QS may regulate the bacterial root hair 

adherence, playing a critical role at the onset of the symbiotic process (Zheng et al. 2006).  

A similar phenotype, defective in nodulation, has also been observed in a different species, 

M. huakuii, although the synthase genes and signals (presumably cyclic peptides) produced 

are not related to AHL-mediated regulation (Gao et al. 2006).  

 
1.2.3.5. Mesorhizobium loti 

Mesorhizobium loti is a nitrogen-fixing endosymbiont that associates with Lotus 

corniculatus. Two M. loti strains have been analyzed for QS systems. The first study revealed 

three different LuxI-type synthases in M. loti NZP 2213: mrlI1, mrlI2 and mrlI3 Yang et al. 

2009, responsible for the synthesis of 3-oxo-C6-HSL, C8-HSL, C10-HSL and C12-HSL. mrl1 

mutants were defective in C12-HSL production, whereas mrl2 mutants did not synthesize the 

other three AHLs, and mutants affected in mrl3 did not produce any detectable AHL molecule. 

QS did not affect growth in NZP 2213; however, the efficiency of nodulation was reduced 

when these QS genes were disrupted, suggesting a significant role in the early steps of 

symbiosis (Yang et al. 2009).  

Related to plasmid transfer, a similar role has been reported for three QS proteins (TraR, 

TraI1 and TraI2) identified in M. loti R7A. This bacterium harbors these plasmid transfer 
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related genes in a 502 kb symbiotic island called ICEMlSym(R7A), which constitutes an 

integrative and conjugative element (ICE) that carries genes required for nitrogen-fixing 

symbiosis (Ramsay et al. 2009). Overexpression of traR induces excision of ICEMlSym(R7A) in 

all cells, a high rise in the production of 3-oxo-C6-HSL, and a 40-fold increase in conjugative 

transfer, being all these effects dependent on traI1 but not on traI2. It has recently been 

observed that located downstream the traR traI2-msi172-msi171 gene cluster, are divergently 

transcribed genes qseM and qseC (ORFs msi170 and msi169, respectively). It seems that 

derepressed TraR, in conjunction with TraI1-synthesized 3-oxo-C6-HSL, regulates excision 

and transfer of this symbiotic island through the expression of ORFs msi172 and msi171 

(Ramsay et al. 2009). QseM is a widely conserved ICE-encoded protein that acts as a TraR 

antiactivator. Mutation of qseM results in TraR-dependent activation of AHL production and 

ICEMlSym(R7A) excision. qseM expression is repressed by QseC, a DNA-binding protein. It has 

been suggested that, as it happens in Agrobacterium, this control mechanism by QseM might 

modulate the availability of suitable recipients or presence of a host plant to maximize its 

potential for propagation (Ramsay et al. 2009).  

 

1.2.3.6. Bradyrhizobium japonicum 

QS systems in B. japonicum seem to be different from that of the rest of endosymbiotic 

bacteria. The first evidence of a molecule involved in QS was an extracelullar signal termed 

bradyoxetin, an iron chelator. This molecule mediates a population density-dependent control 

over nod genes, which were repressed at high cell densities (Loh and Stacey 2003). Synthesis 

of bradyoxetin is iron regulated, with maximal production under iron-depleted conditions 

Detection of this signal requires a response regulator designated NwsB. At high cell densities, 

and accordingly, high concentrations of bradyoxetin, NwsB induces nolA, thus activating 

probably the nodD2 regulator required for repression of the nod genes in the presence of 

flavonoids. This fact suggests that QS is implied in the early stages of the symbiotic process, 

mediating signalling events relevant for nodulation competitiveness in some types of soybean 

(Gonzalez and Marketon 2003; Sanchez-Contreras et al. 2007; Jitacksorn and Sadowsky 

2008).  

The detection of AHLs in bradyrhizobia is hardly noticeable. A recent study has identified 

long acyl-AHLs in peanut-nodulating bradyrhizobia (Nievas et al. 2012). More interestingly, 

unique QS signals have also been recently reported in two different bradyrhizobia. The 

photosynthetic stem-nodulating bradyrhizobia (B. sp. ORS278 and BTAi1 strains) produce 
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cinnamoyl-HSL through BtaI, an aryl-HSL synthase (Ahlgren et al. 2011). Despite sharing 

sequence similarity, the related synthase BjaI catalyzes the synthesis of isovaleryl-HSL (IV-

HSL), a branched-chain fatty acyl-HSL in B. japonicum USDA110 Lindemann et al. 2011. In this 

strain the linked regulator, bjaR, is involved in the response to isovaleryl-HSL, which is 

produced in very low biological concentrations.  

 

1.2.4. Quorum sensing systems in Rhizobium leguminosarum bv. viciae 

 

R. leguminosarum bv. viciae nodulates peas, vetch, lens and Lathyrus. To date, QS systems 

have been largely studied in three different R. leguminosarum bv. viciae strains: A34, which 

was the focus of pioneering studies; 3841, whose genome has been sequenced, and UPM791, 

the reference strain in our laboratory. The following QS systems have been described in this 

bacterial species (Wisniewski-Dye and Downie 2002; Cantero 2005; Gonzalez and Marketon 

2003): 

 RhiRI: this system is encoded in the symbiotic plasmid, and it was the first one 

described in R. leguminosarum. RhiR was the first LuxR-type regulator identified, positively 

controlling the rhiABC operon. This operon encodes RhiA, the protein with the highest level of 

expression in the rhizosphere of legume roots (but not in bacteroids). Both rhiR and rhiABC 

expression is repressed by flavonoids (Cubo et al. 1992). These rhizosphere induced genes are 

found between the nodulation genes and the genes encoding the nitrogenase complex. 

Although its function remains unknown, RhiA seems to be specific to R. leguminosarum bv. 

viciae strains. The LuxI-homologue RhiI produces the short-chain AHLs: C6-HSL, C7-HSL and 

C8-HSL (Rodelas et al. 1999). rhiI is regulated by RhiR in a cell-density dependent manner, and 

is positively autoregulated (Wisniewski-Dye and Downie 2002). The nodulation ability of a 

rhiI mutant is not impaired on peas (Rodelas et al. 1999), as infection defective-phenotype 

caused by rhi mutations was shown in a mutant strain already compromised for nodulation 

(Downie 2010; Cubo et al. 1992).  

 

 CinRIS: this system is encoded in the chromosome in both A34 and 3841 strains. The 

LuxI homologue CinI is responsible for the synthesis of 3-OH-C14:1-HSL (Lithgow et al. 2000). 

This molecule was first known as the “small bacteriocin”, presenting inhibitory activity in 

susceptible strains (Hirsch 1979). The LuxR-type regulator CinR positively regulates cinI to a 

very high level in a cell-density dependent manner (Wisniewski-Dye and Downie 2002). 
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Mutations in cinI and cinR abolish the production of 3-OH-C14:1-HSL, also severely decreasing 

the levels of all the short-chain AHLs, likely by reducing the expression of rhiI and rhiA genes. 

Expression of RhiA is controlled by QS also in Rlv UPM791 (Cantero et al. 2006). For this 

reason, the cinRI system appears to be situated at the top of a regulatory cascade that 

influences these three AHL-regulated QS systems (Wisniewski-Dye and Downie 2002; 

Gonzalez and Marketon 2003). In the strain Rlv UPM791 C14:1-HSL production is also 

dependent on one of the native plasmids present in this strain, since in a derivative 

pUPM791d derivative strain, this signal is not observed (Fig. 6; Cantero 2005). However, the 

genetic determinant responsible for this control remains still unknown.  

 

 

Figure 6. Effect of plasmid content over AHL production in Rlv UPM791. AHL profiles vary related to the 

presence or absence of plasmids pUPM791c (pSym) and pUPM791d (adapted from Cantero, 2005). 

 

In the strain Rlv 3841 an additional small gene, cinS, has been reported involved in the 

expression of QS systems by acting together with an expR-like gene similar to that from S. 

meliloti (Fig. 7). At low population density, the repressor PraR blocks the expression of rhiR 

and also raiR (in A34). However, at high cell density, CinS bounds to PraR, displacing it from 

the promoter of these QS regulators, thus allowing their expression (Frederix et al. 2011). In 

Rl expR is not essential for exopolysaccharide production, although is required for the 

induction of raiR (Edwards et al. 2009). In agreement with the analysis carried out with small 

bacteriocin (van Brussel et al. 1985), a cinI mutant is not impaired in nodulation of pea and 

vetch in A34 (Lithgow et al., 2000), neither cinR, cinI or cinS mutants in 3841 (Edwards et al. 

2009), showing that 3-OH-C14:1-HSL is not required for symbiosis (Wisniewski-Dye and 

Downie 2002). However, it seems related to adaptation to stationary phase, as it has been 

demonstrated that the exogenous addition of 3-OH-C14:1-HSL improves starvation survival in 
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cultures entering stationary phase at low cell density, whereas in normal conditions these 

cultures lose viability rapidly (Thorne and Williams 1999;  Sanchez-Contreras et al. 2007). 

 

 

 

Figure 7. Model for R. leguminosarum bv. viciae 3841 QS network. Three systems have been described. The 

cinRIS system is located in the chromosome, hierarchically controlling the rest of QS systems. The symbiotic 

plasmid harbors the tra and rhi systems. The first one is located close to the tra/trb genes controlling conjugal 

transfer. Rhi influences nodulation efficiency. PraR acts as a repressor of rhiRI at low population density. At high 

population density, CinS displaces PraR from rhiR promoter. The AHLs produced by each system are indicated. 

 

 TraRI: as in A. tumefaciens and Rhizobium NGR234, R. leguminosarum A34 harbors a 

TraI AHL synthase, responsible for the synthesis of the signal 3-oxo-C8-HSL. In addition, the 

trbBCDEJKLFGHI operon is also present, along with two LuxR-type regulators: TraR y BisR 

(Wilkinson et al. 2002; Danino et al. 2003). TraRI system induces the trb operon, located in 

the symbiotic plasmid pRL1JI, and modulates its conjugal transfer in Rlv A34. bisR 

(bifunctional signalling regulator) is an additional LuxR-type regulator that shares identity 

with CinR and is located downstream of the trb operon (Wilkinson et al. 2002). traR 

expression is controlled by the cinRI system through the binding of BisR to 3-OH-C14:1-HSL. In 

those strains carrying pRL1JI, BisR represses cinI expression, and consequently, reduces the 
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induction of traR. It seems that this mechanism ensures optimal conditions regarding the 

presence of recipient strains, since when bacteria carrying pRL1JI come close to strains 

producing 3-OH-C14:1-HSL, BisR detects this signal inducing traR and thus, plasmid transfer 

(Sanchez-Contreras et al. 2007). Both Rlv strains UPM791 and 3841 contains TraI and TraR, 

but the additional regulator BisR has not been found (Cantero 2005; Sanchez-Contreras et al. 

2007). Moreover, traR has a frameshift mutation in Rlv UPM791 strain, which might explain 

why this plasmid is not autoconjugative (Cantero 2005). Also, traRI homologs in strain Rlv 

3841 are not located in the symbiotic plasmid, but in pRL7 and pRL8 plasmids, and their role 

in plasmid transfer has not been reported (Sanchez-Contreras et al. 2007). 

 

 RaiRI: described in the strain A34, this system is similar to that found in R. etli, and is 

absent in the other R. leguminosarum strains analyzed (Sanchez-Contreras et al. 2007). RaiRI 

is located in one of the non-symbiotic plasmids (pIJ9001), raiI is responsible for the synthesis 

of 3-OH-C8-HSL as major product, and the short-chain AHLs C6-HSL, C7-HSL and C8-HSL, as 

minor products (Gonzalez and Marketon 2003). raiI is positively regulated by raiR and its 

major signal, 3-OH-C8-HSL, but it is also induced by 3-OH-C14:1-HSL and 3-oxo-C8-HSL 

(Wisniewski-Dye et al. 2002). Contrary to raiI mutation in R. etli, raiI mutation in R. 

leguminosarum bv. viciae does not induce an increase in nodule number, probably because 

other loci compensate AHL production (Wisniewski-Dye and Downie 2002).  

 

1.2.5 Rhizobial genomes reflect their complex lifestyle 

Rhizobia must be able to survive in the soil environment and take advantage of ecological 

niches offend by the roots of many different plants (Downie 2010). Whole genome sequencing 

can provide new insights into the genetic features contributing to symbiotically relevant 

processes such as bacterial adaption to the rhizosphere, mechanisms for efficient competition 

with other bacteria, ability for entering a complex signalling dialogue with legumes, or 

entering the root without triggering host defenses and fix nitrogen within the host (Downie 

2010; Galibert et al. 2001).   

The number of genome sequences from rhizobial strains available in public databases is 

constantly increasing, although complete genome structures fully annotated from rhizobial 

genomes are scarce. Rhizobial genomes range in size from 6.5 Mb with Rhizobium etli up to 

9.1 Mb for Bradyrhizobium japonicum. Members of the genus Rhizobium characteristically 

contain a multipartite genome with several large plasmids (Downie and Young 2001) that 
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harbors genes for antibiotic resistance, symbiotic properties, specific nutrient sources or 

similar features, allowing the bacteria to grow under different conditions and conferring 

adaptive properties. The number and sizes of plasmids vary between isolates, together with 

their GC content, which tends to be lower than that from the chromosome, and reflects their 

external origin and the incidence of mobile genetic elements (Downie and Young 2001). These 

multipartite genomes reflect the necessity for a large inventory of genes to maximize growth 

and survival in the complex environment of the soil, together with the additional genetic 

requirement imposed by the plant host (MacLean et al. 2007). For this reason, as in the case of 

S. meliloti 1021 (Galibert et al. 2001) or Rlv 3841, these large genomes show a high number of 

genes devoted to solute uptake, import and export molecules, production of cell-surface 

polysaccharides, regulatory functions, and also nitrogen metabolism (Downie and Young 

2001). It is particularly remarkable the high number of ATP-binding cassette (ABC) transport 

systems encoded in rhizobia, which are around 170 (compared with 47 in Escherichia coli). 

These transporters enable rhizobia to access a wide diversity of nutrients in the soil and the 

plant rhizosphere, even if they are at low concentrations (Prell and Poole 2006). This is the 

case, for example, of Rlv 3841, which harbors 183 complete ABC operons, representing 11% 

of its protein complement Young et al. 2006. It seems that the large size and complexity of 

these bacterial genomes indicate expansion by gene duplication and horizontal gene transfer 

events (MacLean et al. 2007). 

In rhizobia, relevant genes for symbiosis are often clustered on large plasmids (pSym) or 

within genomic islands (symbiosis islands, SI), reflecting their ability to be acquired via 

horizontal gene transfer events (MacLean et al. 2007). The majority of genes involved in 

symbiosis (nod, nif, and fix) have found located in genomic islands in B. japonicum USDA110 

and M. loti MAFF303099 (Kaneko et al. 2000; Kaneko et al. 2002). However, in fast-growing 

rhizobia sequenced to date, such as S. meliloti, (Galibert et al. 2001), Rl bv. viciae (Young et al. 

2006) or R. etli (Gonzalez et al. 2006), these symbiotic genes are plasmid-borne. Several of 

these symbiotic plasmids (pSyms) are transferable among bacteria via conjugation.  

Only three complete sequences of Rl strains have been already published: one strain from 

Rl bv. viciae (3841), and two from Rl bv. trifolii (WSM1325 and WSM2304). In the case of Rlv 

3841, its genome size is 7.75 Mb (Young et al. 2006), distributed in a circular chromosome of 

5 Mb, and six plasmids: pRL12 (870 kb), pRL11 (684 kb), pRL10 (488 kb), pRL9 (352 kb), 

pRL8 (147 kb) and pRL7 (147 kb). All these plasmids harbor a repABC replication system, 

which is the commonest system in -proteobacteria. Among all these replicons, core functions 
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are most abundant on the chromosome, whereas the accessory component of this genome is 

mainly encoded on the plasmids. From these plasmids, pRL10 is the symbiotic plasmid, and 

plasmids pRL7 and pRL8 are mobilizable (Young et al. 2006). Rl bv. trifoliii WSM1325 and 

WSM2304 are both clover symbionts, with genome sizes of 7.41 and 6.87 Mb, harboring 5 and 

4 plasmids, respectively (Reeve et al. 2010).  

Rhizobia are applied across 400 million ha of agricultural land per annum to improve 

legume forage and crop production trough symbiotic nitrogen fixation (Reeve et al. 2010).  

Despite the importance of the symbiosis in the global nitrogen cycle, very few rhizobial 

genomes have sequenced so far. Broad genomic studies such as the work by Black and co-

workers (2012) improve the knowledge about what has been termed “symbiome”, that is, the 

essential genes required by all rhizobia for nodulation and nitrogen fixation. Thus, the 

availability of rhizobial complete genomes will help us to understand the interaction of 

rhizobia with their corresponding legume hosts.  
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Previous work in our research group showed that R. leguminosarum bv. viciae (Rlv) 

UPM791 is able to produce AHLs, and the AHL-producing systems (cinRI, traRI and rhiRI) 

were identified. In order to further analyze the biological role of these QS systems in R. 

leguminosarum, the following objectives were proposed:  

 

 

 Objective 1. Sequencing, assembly and annotation of Rlv UPM791 genome, and 

identification of QS-related genes  

 

 Objective 2. Analysis of QS systems present in Rlv UPM791. 

 

 Objective 2.1. Characterization of AHL signals produced by Rlv UPM791.  

 

 Objective 2.2. Effect of AHL-dependent QS systems in R. leguminosarum under 

free-living and symbiotic conditions.  

 

 Objective 2.3. Analysis of the genetic regulation of QS systems in Rlv UPM791. 
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3.1. Genome-wide analysis of Quorum Sensing systems in Rhizobium leguminosarum  

 

3.1.1. Sequencing of Rhizobium leguminosarum UPM791 genome  
 

Rhizobium leguminosarum bv. viciae (Rlv) establishes a diazotrophic symbiosis with 

different legumes, such as Pisum, Lens, Vicia and Lathyrus. This bacterium has a composite 

genome containing a large chromosome and several plasmids (2-6). A large fraction of this 

genome is adaptive thus differing among isolates. In addition, the genes required for 

symbiosis and nitrogen fixation are always present in a plasmid (pSym or symbiotic plasmid). 

Within this species, there are currently 30 ongoing genome projects 

(http://www.ncbi.nlm.nih.gov/genome/genomes/744) according to the NCBI database, but 

only three of them are completely finished, with their genome structures fully determined: Rlv 

3841 and two Rl bv. trifolii strains, WSM1325 and WSM2304 (Table 2). 

 

Table 2. General features of Rhizobium leguminosarum complete genomes 
 

 

We have undertaken the elucidation of genomic sequence of Rlv UPM791, the reference 

strain in our laboratory, by means of 20x coverage 454 sequencing and additional Illumina 

sequencing data, to obtain a high quality draft assembly of 17 contigs. Rlv UPM791 genome 

has an estimated size of 7.79 Mb. This genome is organized in one chromosome and five 

extrachromosomal replicons, identified by searching their replication and stability genes 

repABC (Downie and Young 2001). The chromosome has an estimated size of 4.75 Mb,     

 

 Rl bv. viciae Rl bv.trifolii Rl bv.trifolii 

 3841 WSM1325 WSM2304 

Host  plant pea, lens clover clover 

Genome size (Mb)  7.75 7.42 6.87 

G+C content (%)  60.9 60.8 61.2 

Ribosomal RNA operons  3 3 3 

Transfer RNAs  52 51 53 

Total protein-coding genes  7,143 7,001 6,415 

Plasmid no. (size in bp)  6 5 4 

% genome in plasmids 34.8 35.7 34 

Assembly No. ASM926v1 ASM2318v1 ASM2134v1 

Reference Young et al. (2006) Reeve et al. (2010) Reeve et al. (2010) 
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Figure 8. Genome Atlas of Rlv UPM791 plasmid replicons. Snapshot of the output generated after analysis of the Rlv UPM791 genome with the Genome 

Atlas tool. The name of the molecule, the number of proteins and the size is indicated. Red asterisk indicates that the plasmid is not complete. From the 

outer to the inner circle, the output represents: circle 1, intrinsic curvature; circle 2, stacking energy; circle 3, position reference; circle 4, annotations: in 

blue, CDS(+), in red, CDS(-); circle 5, global direct repeats; circle 6, global inverted repeats; circle 7, GC skew; circle 8, Percent AT. Circles 2 and 3 designate 

the accessibility and flexibility of the DNA as a measure for the capacity to interact with proteins.The structural DNA parameters in circles 5 and 6 relate to 

the occurrence of repeats that might indicate inserted sequences. 
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representing 61% of UPM791 genome, whereas the estimated plasmid DNA is of 3.04 Mb in 

size, corresponding to 39% of the genome.  

Rlv UPM791 extrachromosomal replicons have been named pUPM791a, pUPM791b, 

pUPM791c, pUPM791d, pUPM791e. These genomic data have allowed us to demonstrate the 

presence of two plasmids of similar sizes (pUPM791b and pUPM791e), that were previously 

seen as a unique, but intense band in Eckhardt gels (Fig. 7) when plasmid profile was analyzed 

in the laboratory, suggesting the presence of two DNA species, what is now confirmed.  

To date, four of these plasmids have been fully assembled, as it is shown in each of the 

Genome Atlas represented in Fig. 8: a megaplasmid, pUPM791a, with 1,291,920 pb; the two 

plasmids mentioned above of similar sizes, pUPM791b and pUPM791e, of 597,290 and 

565,078 pb, respectively; and the symbiotic plasmid, pUPM791c, with 405,207 pb. The 

assembly of the smallest one, with an estimated size of 176 kb still remains unfinished, mainly 

due to the presence of several transposons and insertion sequences that difficults its 

assembly.  

 

3.1.2. Rhizobium leguminosarum UPM791 genome properties 

 

A very similar codon usage pattern was observed in the Rlv UPM791 scaffolds belonging to 

the chromosome and all the plasmidic replicons (Fig 9A). In all cases, it is shifted towards GC-

riched codons, as it is expected being a genome of high GC content, typical of members of 

Rhizobiaceae. Consequently, as the amino acid usage shows (Fig. 9B), GC-coded amino acids 

are overrepresented.  

 

Genes have been identified using Glimmer, through the Manatee annotation pipeline from 

the Institute of Genome Sciences (Baltimore, MD; Galens et al. 2011). Predicted genes are 

being manually annotated to improve the automatic annotation achieved by this pipeline. The 

majority of the genes (around 50%) are hypothetical proteins and proteins of unknown 

function. A large number of mobile elements have also been reported, including transposons 

(134) and integrases (7). 
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Figure 9. Codon and amino acid usage in the Rlv UPM791 genome. Codon (A) and amino acid usage (B) is 

represented in each of the replicons of the Rlv UPM791 genome. 

 

Among those proteins with an assigned function, a large number of proteins are transport 

and binding proteins (783 proteins), the majority of which corresponds to ABC transporters; 

proteins involved in the synthesis of cell-surface polysaccharides (718 proteins), in regulation 

(608 proteins), and in energy metabolism (408 proteins) (Fig. 10).  

 

 

pUPM791a pUPM791b

pUPM791c pUPM791e

chromosome

pUPM791a pUPM791b

pUPM791c pUPM791e

chromosome

BA



                                                          Chapter 3: Results 

51 

 

 

Figure 10. Distribution of functional categories over Rlv UPM791 genome. 

 

 

3.1.3. Comparative genomics with other Rhizobium leguminosarum genomes  

 

With the data obtained from Rlv UPM791 genome sequencing, comparative genomic 

analysis have been carried out with the reference sequences that are available in the web: Rlv 

bv. viciae 3841, and Rl bv. trifolii WSM1325 and WSM2304.  

In a first approach, we compared Rlv UPM791genome with its closest relatives, Rlv 3841, 

and Rl bv. trifolii WSM1325 (Fig. 11). In this analysis we observed that a high number of 

proteins (around 70%) are shared between these three genomes. The number of singletons 

(proteins found in only one species) is similar, taking into account that the overall higher 

number of unique proteins for Rlv UPM791 genome likely reflects the draft status of its 

genome.  
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Figure 11. Venn diagram. It shows the number of proteins shared between different Rl strains 

sequenced and Rlv UPM791 

 

When the plasmid content was analyzed in more detail, we observed in first place that four 

out of the five Rlv UPM791 plasmids had an equivalent in Rlv 3841 (Young et al., 2006), 

according to their repABC genes: pUPM791a was similar to pRL12 (870,021 pb), pUPM791b 

to pRL11 (684,202 pb), the pSym pUPM791c correlated with pRL10 (488,135 pb), and the 

smallest plasmid pUPM791d with pRL7 (151,546 pb), leaving plasmid pUPM791e as a unique 

plasmid with no equivalent when compared with the only Rl bv. viciae finished genome. 

Conversely, plasmids pRL8 and pRL9 from Rlv 3841 found no homology in UPM791 genome. 

We also compared UPM791 plasmids with those from the two Rl bv. trifolii strains. In this 

analysis we concluded that the largest plasmids (pUPM791a and pUPM791b) were more 

related  to the previously mentioned plasmids from Rlv 3841, pRL12 and pRL11, than to 

plasmids from the other two strains, with plasmid pUPM791b showing a much more extended 

homology (Fig. 12A and 12B). Interestingly, pUPM791b harbors the minCDE operon, involved 

in the accurate septum localization for cell division, implying that this replicon could be 

essential for the survival of this bacterium. One of the differences found between pUPM791a 

and pRL12 is the absence of the Type VI Secretion System (T6SS) in Rlv UPM791 genome. 

Sequence conservation of pUPM791e with plasmids pR132504 (350,312 pb) and pR132505 

(294,782 pb) from Rl bv. trifolii WSM1325, suggests that plasmid pUPM791e could be a 

cointegrate, with a total size that corresponds to the sum of plasmids pR132504 and 

pR132505 (Fig. 12C). 
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Figure 12. Comparative genome atlas Rlv UPM791 plasmids. (A) pUPM791a compared to pRL12 from Rlv 

3841. (B) pUPM791b compared to pRL11 from Rlv 3841. (C) pUPM791e compared to Rl bv. trifolii 1325 

plasmids. (D) Symbiotic plasmid comparison. The Comparative Genome Atlas was constructed using CGview 

software (Grant and Stotahrd, 2008) to map pairwise blastN alignments between R.leguminosarum symbiotic 

plasmids. Plasmid pUPM791c of Rlv UPM791 (genome positions in Mb represented in the innermost circle) was 

compared to pRL10, from Rlv 3841 (red), pR132501 from Rlt WSM1325 (green) and pRLG201 from Rlt 

WSM2304 (blue). The relevant genes are shown in the scheme. The average GC content is showed in the second 

circle.  

 

 The Rlv UPM791 symbiotic plasmid, pUPM791c, has been compared to each of the Sym 

plasmids of the three available genomes: pRL10, from Rlv 3841; pR132501 (828,924 pb) from 

Rlt WSM1325; and pRLG201 (1,266,105 pb) from Rlt WSM2304. When these plasmids were 

aligned using pUPM791c as reference sequence (Fig. 12D), a very low degree of conservation 

was observed. These data were confirmed with the comparison of the proteomes of these four 

symbiotic plasmids (Fig. 13). This comparison showed that there was a low number of protein 

families shared among these four replicons. Symbiotic plasmids from the two Rl bv. trifolii 

strains share 38% of common protein families, and are much more similar than the two 

symbiotic plasmids from the Rl bv. viciae strains, which only share around 9.8% of protein 

families. The genes that are conserved among these four replicons are essentially restricted to 

A B 

C D 
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the genes required for establishing the symbiosis and fixing nitrogen (nod, fix and nif genes). 

However, as expected due to their different host range, genetic structure of nodulation genes 

is fully conserved between Rlv 3841 and UPM791, with slight differences as regarding those of 

the two Rl bv. trifolii strains. There is also a tra/trb conjugative system close to the replication 

origin in pUPM791c, homologous to the one present in plasmid pRL10.  

 

 

 
Figure 13. Homology between proteomes of symbiotic plasmids from Rhizobium 

leguminosarum strains. The figure represents the relative percentage of gene families 

preserved between any two Rl strains referred to the total number of families present. The 

percentage is used as a basis for the color intensity (Binnewies et al., 2005). The plasmids used 

were: pUPM791c from Rlv UPM791, pRL10, from Rlv 3841, pR132501 from Rlt WSM1325 and 

pRLG201 from Rlt WSM2304. 

 
 

3.1.4. Symbiosis-related traits in the Rhizobium leguminosarum UPM791 genome  

 

Looking for particular traits in Rlv UPM791 genome, we have found the genes required for 

nitrogen metabolism and symbiotic nitrogen fixation. The latter category includes 13 genes 

involved in nodulation, nodOTNMLEFDABCDIJ, located close to the rhizosphere-induced genes 

rhiIABCR; the genes for the nitrogenase enzyme, nifHDKEN and nifAB, and nitrogen fixation, 

fixABCX and fixNOQPGHIS. In addition, a total of 58 predicted tRNA genes and three rRNA 

clusters (5S, 23S and 16S) have been identified. These RNA clusters all have an insertion of a 

tRNA-Ile and a tRNA-Ala between 16S and 23S genes, and a tRNA-Met before 5S gene.  
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There are also several genes devoted to the hydrogenase system previously described 

(hupSLCDEFGHIJKhypABFCDEX, corresponding to UPM791_7731 to UPM791_7749 ORFs). 

Similar  gene clusters are present in other slow-growing rhizobia, but it is absent in Rlv 3841. 

Also, we have analyzed the status of the genes encoding the two main regulators involved in 

nitrogenase and hydrogenase expression (nifA and fnrN). NifA (UPM791_7809) is present as a 

single copy in both strains, whereas FnrN, the global regulator of fix genes, has two copies in 

Rlv UPM791 (UPM791_2821 and UPM791_3736), but only one in Rlv 3841 genome (Young et 

al. 2006).  

The presence of Methyl-accepting chemotaxis proteins (MCPs) in the Rlv UPM791 genome 

was also analyzed. These proteins are required to sense chemical gradients and direct the 

movements of the bacteria towards different attractants by chemotaxis (Yost et al. 1998). 

Their structural variability relies upon the molecules they detect, harboring two different 

domains: a methyl-accepting chemotaxis protein (MCP) signalling domain and a HAMP 

domain. Soil bacteria are metabolically versatile, prepared to sense and respond to a wide 

range of compounds. In Rlv UPM791 genome we have found 28 MCP genes containing both 

intercellular domains, half of them located in the chromosome.  

 

3.1.5. Presence of cell-cell communication systems  

 

We made a search for transcriptional regulators of the LuxR-type in the genome of Rlv 

UPM791. These proteins have two characteristic domains: an autoinducer-binding domain 

(ABD) that binds AHLs in the N-terminal region, and the LuxR-family DNA-binding, helix-turn-

helix (HTH) domain in the C-terminal region, This domain, which constitutes a general DNA 

binding domain also present in response regulators other than LuxR homologues, was 

identified in 21 candidates, as shown in Table 3. Only 5 out of these 21 proteins included also 

an autoinducer binding domain, indicating their potential role in QS: UPM791_4333 (241 aa), 

UPM791_1172 (245 aa), UPM791_7774 (247 aa), UPM791_7373 (251 aa) and UPM791_540 

(270 aa). Among these proteins we found the QS systems described previously in the 

laboratory (Cantero 2005): CinR (UPM791_4333), with its cognate synthase CinI 

(UPM791_4334; 221 aa), and RhiR (UPM791_7774), with its corresponding synthase RhiI 

(UPM791_7771; 185 aa). Both systems are similar to the ones already described in Rl A34 and 
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3841 strains, in which CinRI is located in the chromosome, whereas RhiRI is encoded in the 

symbiotic plasmid.  

 

Table 3. Genomic search for LuxR homologs in Rlv UPM791 genome.  

 

The gene codes from Manatee annotation tool are indicated, together with the 

localization of these genes. Schematic structure of LuxR proteins is showed, including 

the general luxR DNA binding domain in green and the autoinducer binding domain in 

blue. The absence of this domain is indicated by a red cross. Asterisk denotes a 

pseudogene. The names are assigned according to similarities deduced from Fig. 14. 

 

As it happens in Rlv 3841, and Cantero already reported (2005), the raiRI system was 

absent in Rlv UPM791, and the same applies for the LuxR orphan regulator bisR. No other 

associated QS synthases were found for the rest of the LuxR homologs, indicating that they 

were orphan LuxR proteins. This was the case for UPM791_7373, which corresponds to ExpR, 

a LuxR orphan regulator found in Rl A8401 (see Fig. 15). Phylogenetic analysis also linked 

UPM791_1174 to ExpR from S. meliloti and UPM791_540 to NesR, described also in S. meliloti. 

Not included among these 5 potential LuxR functional proteins it is the pseudogene 

UPM791_7676. This pseudogene, located in the symbiotic plasmid, corresponds to TraR 

which, as it was shown in previous studies (Cantero 2005), presents a frameshift mutation 

Gene id Locus Domains
Gene

designation

Associated
synthase

UPM791_8079 chrs

UPM791_15 chrs

UPM791_7676 pSym traR* traI

UPM791_540 pE nesR -

UPM791_726 pE

UPM791_758 chrs

UPM791_825 chrs

UPM791_899 chrs

UPM791_1172 chrs expR2 -

UPM791_1394 chrs

UPM791_3759 chrs

UPM791_4333 chrs cinR cinI

UPM791_4518 chrs

UPM791_5603 pA

UPM791_6923 pE

UPM791_7373 chrs expR1 -

UPM791_7774 pSym rhiR rhiI

UPM791_1408 chrs

UPM791_921 chrs

UPM791_4755 chrs

UPM791_8128 chrs
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located in the autoinducer binding domain. However, sequence analysis of the gene for the 

associated TraI synthase suggests that it is functional, although further studies need to be 

done to confirm its potential role in the cell-cell communication systems of Rlv UPM791. We 

have also confirmed the presence of the antirepressor TraM (UPM791_7677, 78 aa), already 

reported by Cantero (2005). 

 
Figure 14. Neighbor-joining phylogenetic tree based on the alignment of LuxR family proteins. Alignment 

was carried out with a fragment of 159 aa. The scale bar shows the number of substitutions per site. Accession 

numbers from GenBank or UniProt are shown in brackets. Significance of each branch is indicated at the branching 

points by the bootstrap percentage calculated for 1,000 subsets (only values higher than 60% are indicated). 

Abbreviations: R., Rhizobium; M., Mesorhizobium; P., Pseudomonas; B., Burkholderia; Sa., Salmonella; E., Escherichia; 

Er., Erwinia; D., Dickeya; V., Vibrio; S., Sinorhizobium; X., Xanthomonas.  indicates R. leguminosarum UPM791 

LuxR-type proteins. 
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3.1.6. Characterization of AHL signals produced by R. leguminosarum UPM791.  

 

A previous work carried out in the laboratory by Cantero (2005) analyzed the general 

AHL profile of Rlv UPM791 by Thin Layer Chromatography (TLC) using the reporter strain A. 

tumefaciens NTR1(pZRL4). Despite being an efficient technique even at low AHL 

concentrations, it relies on the specificity of the biosensor strain and its detection range 

(Fekete et al. 2007).  

In this work, the AHL profile has been analyzed through High-Perfomance Liquid 

Chromatography – Mass Spectometry (HPLC-MS), a technique that identifies AHL molecules 

according to their physical and chemical properties (Gould et al. 2006). As it is shown if 

Fig.15, AHL fragmentation results in a constant part, the lactone ring (m/z=102), that allows 

the identification of an AHL signal, and the variable chain corresponding to the different acyl-

side chains. According to the retention times of commercial standards used in the assay, and 

identifying their molecular ions, the characterization of Rlv UPM791 AHL signals was 

achieved. The AHLs signals detected by this HPLC-MS approach were: C6-HSL (200.3/102.1), 

C7-HSL (214.3/102.1), C8-HSL (228.3/102.1) and 3-OH-C14:1-HSL (326.3/102.1). We detected 

the presence of C7-HSL, which was not seen properly by TLC. In addition, the potential 

presence of a molecule corresponding to C4-HSL was detected in low quantities. 
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Figure 15. AHLs produced by Rlv UPM791 examined by HPLC-MS. Extracts from spent culture supernatants of Rlv UPM791 were 

analysed by HPLC/MS. AHL signals are identified according to the fragment ion at m/z 102, characteristic of the homoserine lactone 

ring, and the corresponding fragment ion derived from the different acyl chain moiety.  Characteristic peaks are indicated by a star. 
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With the aim of identifying which are the AHLs signals produced by each of the QS 

systems described in Rlv UPM791 and confirming the existing data from TLC analysis carried 

out by Cantero (2005), the supernantant culture extracts from several UPM791 derivatives, 

differing in their plasmid content, was also analyzed by HPLC-MS. The strains used were: Rlv 

UPM791.1 (pUPM791d-), Rlv UPM791.0 (pUPM791c-, pUPM791d-), and Rlv UPM791.5 

(pUPM791c-). As shown in Table 5, the synthesis of the small signals, C6-HSL, C7-HSL, C8-HSL, 

is associated with the presence of the symbiotic plasmid. In those strains lacking this plasmid 

(UPM791.0 y UPM791.5) these signals were not observed. However, the production of the 

largest signal, 3-OH-C14:1-HSL, previously reported as “bacteriocin small” in R. leguminosarum 

strains (Schripsema et al. 1996), was observed mainly in the presence of plasmid pUPM791d, 

and only residual levels were observed in those strains lacking this small plasmid  (UPM791.0 

and UPM791.1). These results are in agreement with those seen by TLC analysis (Cantero 

2005), suggesting the synthesis of each AHL signal to the QS systems as presented in Table 5. 

Furthermore, the potential presence of C4-HSL seems to be also related to the presence of the 

pUPM791d plasmid.  

 

 

Table 4. Characterization of the AHL signals by HPLC-MS analysis for Rlv UPM791 and its derivative strains 
differing in their plasmid content.  

 

 

 

 

 

STRAINS 

AHLs 

C4-HSL C6-HSL C7-HSL C8-HSL 3-OH-C14:1-HSL  

 UPM791 

 (WT) 

+ 

(102.1/173.0) 

+ 

(102.1/200.1) 

+ 

(102.1/214.1) 

+ 

(102.1/228.1) 

+ 

(102.1/326.2) 

UPM791.1  
(pUPM791d-)  

+ + + + - 

UPM791.0 
(pUPM791c-) 
(pUPM791d-) 

- - - - - 

UPM791.5 
(pUPM791c-) 

- - - - + 
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In the light of these results, and regarding the data obtained by Cantero (2005), there are 

two functional systems in Rlv UPM791 (shown in Fig. 17). The rhiRI system, encoded in the 

symbiotic plasmid, likely produces C6-HSL, C7-HSL and C8-HSL, whereas the cinRI system, 

located in the chromosome, produces 3-OH-C14-HSL. A third synthase (TraI) is encoded also in 

the symbiotic plasmid. TraI could contribute to the production of intermediate size AHLs 

(Wilkinson et al. 2002), altough its cognate regulator TraR is not functional in this strain due 

to a fameshift mutation. 

 

 

Figure 16. Functional QS systems in Rlv UPM791. 
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3.2. Evaluation of the effect of AHLs on competitiveness for nodulation 

 

Rhizobia are inhabitants of soil, a complex microbial ecosystem with an enormous 

diversity. In the natural situation, different strains of rhizobia that coexist in the same soil 

compete for legume root infection and nodule occupancy. In this situation, competitiveness 

for nodulation is a key factor on the selection of Rhizobium strains as inoculants (McInnes et 

al. 2004). Monitoring of competitiveness requires the use of marker genes for efficient 

assessment of the origin of nodules in a root. Antibiotic resistance markers, and later reporter 

genes encoding enzymatic activities rendering coloured products and fluorescent proteins 

have been used (Sessitsch et al. 1998;Novak 2011). The availability of a number of substrates, 

along with the simplicity of its use, have made Escherichia coli β-glucuronidase encoded by the 

gusA gene (Jefferson et al. 1986) a widely used marker for this purpose. The gene celB, 

encoding a thermostable β-galactosidase from Pyrococcus furiosus, has been proposed as a 

second marker to be used in combination with gusA based on the advantage of providing an 

activity that persists after thermal inactivation of endogenous β-galactosidases (Sessitsch et 

al. 1996). The procedure described by these authors involves the use of random insertions of 

minitransposons into the strains to be tagged, thus originating potential variations in 

competitiveness. Other marker systems previously reported present problems due to plasmid 

instability during symbiosis (Corich et al. 2001), or affect specific genes such as recA 

(Selbitschka et al. 1992).  We have used gusA and celB marker genes to generate two sets of R. 

leguminosarum strains labelled at identical positions through a procedure of fusion PCR 

followed by double recombination.  

 

3.2.1. Construction of a double marker system 

 

Marker genes gusA and celB were introduced into defined points of the genome of Rlv 

UPM791 and 3841 strains by the fusion PCR procedure outlined in Fig. 17. Insertion sites 

were the inactive hoxA pseudogene of Rlv UPM791 (Brito et al. 1997) and the RL1244-RL1245 

intergenic region of Rlv 3841 (Young et al. 2006). Both marker genes contain a Ptac promoter 

ensuring constitutive expression, and a terminator element avoiding the alteration of 

expression of downstream genes.  
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Figure 17. Construction of marked strains. (A) Design of fusion PCRs in a three-step procedure. As indicated, 

the two DNA fragments amplified independently in PCR1 correspond to ψhoxA for Rlv UPM791 and to RL1244-

RL1245 intergenic region for Rlv 3841. DNA fragments amplified in PCR2 correspond to marker genes gusA from 

pCAM110 and celB from pAS111. DNA regions corresponding to promoter (Ptac) and terminator (ter) of marker 

genes are indicated. PCR3 corresponds to the fusion PCR of the fragments previously amplified. Primer 

designation shown in the scheme reflects the general name adopted for the corresponding primer in each of the 

strains used (see Table 1). Similar colours in primer arrows indicate complementary sequences, which are 

highlighted in PCR3. (B) Schematic view of the final constructions for the strains generated. (C) Detail of a 

double-stained pea root inoculated with a 1:1 mixture of Rlv 3841gusA and 3841celB strains. Nodules induced 

by celB+ (blue) and gusA+ (red) strains are shown, along with a nodule arising from a double infection event, 

indicated by an arrow. (D) Microscopic view (bright field, 10x objective) of a thick section of a pea root nodule 

showing a mixed infection.    

 

The presence of the marker genes did not alter the growth behavior of the strains in 

standard media, as deduced from the comparison of growth curves determined in TY medium 

for 72h (data not shown). We also analyzed the expression of the marker genes under 

symbiotic conditions by using the marked strains as inocula of pea plants. The application of 

enzyme substrates (Magenta-glcA for gusA, and X-gal after thermal treatment for celB) to 

whole root systems from plants inoculated with 1:10, 1:1, and 10:1 mixtures resulted in 

efficient staining of every single nodule in the root, thus greatly facilitating scoring of nodules 

coming from each of the two labeled strains (Fig. 18). The procedure also allowed for the 

identification of nodules with double infection events (Fig.17).  

 

PCR 1

P1

P2

P3

P4

A CUPM791 ψ hoxA
3841 ITS: RL1244 - RL1245

PCR 2

Ptac

ter
P5

P6

Marker geneFlanking regions

D

B
gusA

Ptac

ψhoxA5’ ψhoxA3’

celB

Ptac

ψhoxA5’ ψhoxA3’

UPM791gusA

UPM791celB

Ptac

celBRL1244 RL1245

gusARL1244 RL1245

Ptac

3841gusA

3841celB

PCR 3

(fusion PCR)

P1

5’

Marker gene
P4

3’

pCAM110 gusA
pAS111 celB



                                                          Chapter 3: Results 

64 

 

 

Figure 18. Double-marker system for evaluation of competitiveness in R. leguminosarum. Pictures show the 

results of double-staining of pea nodulated roots 21 days after inoculation with the indicated ratios of 

UPM791gusA/UPM719celB or determination of competitiveness. Red nodules are gus+, whereas blue nodules are 

celB+. 

 

 

3.2.2. Evaluation of inter-strain competitiveness.  

        

We determined the potential effect of the marker insertion in the competitiveness for 

nodulation of the two variants of each strain (Rlv UPM791 and 3841). Both strains are 

considered as efficient symbionts for pea (Leyva et al. 1987;Oresnik et al. 1999) but no 

previous analysis of their relative competitiveness was available. In these experiments we 

used highly diluted inocula (10-7 dilution, to give a final Rhizobium population of ca. 102 cells 

per root). At these low levels of inocula, bacteria have to competitively colonize the root 

surface before nodulating (Duodu et al. 2009).  

Scoring for gusA+ and celB+ nodules was made in 21-day old roots (containing ca. 100 

nodules/root) from plants inoculated with 1:10, 1:1, and 10:1 mixtures of 

UPM791gusA/UPM791celB and 3841gusA/3841celB. Although a slight reduction in the 

number of celB-containing nodules was observed in the case of Rlv 3841gusA/3841celB 

comparison, the overall results indicate that the nature of the marker did not substantially 

affect the ability of Rhizobium for nodulation of pea plants (Fig. 19A).  

1:101:110:1
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Figure 19. Analysis of competitiveness. (A) Effect of marker insertion on intra-strain 

competitiveness. Black bars show the expected values (EV) deduced from the counting of cfu in 

the inocula, and gray bars represent the percentage of celB+ nodules actually observed (OV) in the 

assays carried out with the indicated strains. (B) Inter-strain competitiveness. Bars show the 

percentage of celB+ nodules resulting from the indicated strain combinations. Values are the 

average from 6 independent replicates. All strains carried the pME6000 vector plasmid 

(Maurhofer et al., 1998) for downstream applications. Error bars represent standard errors of the 

mean for nodule counting. Standard error in cfu counting was below 1%. The asterisk denotes 

significant differences according   to   Bonferroni’s   test   (p < 0.05). “ns”   indicates no statistically 

significant difference (p > 0.05, Bonferroni).  

 
Scoring of root systems from plants co-inoculated with different proportions of Rlv 

UPM791 and Rlv 3841 derivatives revealed that the percentages of nodules induced by Rlv 

UPM791 derivatives were significantly higher when challenged with Rlv 3841 than with 

UPM791 derivatives (Fig. 19B) in comparisons performed using different combinations of 

markers and mixture ratios in the inocula. The differences were significant at p<0.05 

according to Bonferroni’s test. The results obtained indicate that Rlv UPM791 is significantly 

more competitive than Rlv 3841 for nodulation in pea plants.   
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3.2.3. Effect of AHL signals on competitiveness in free-living cells 

  

We took advantage of the newly developed marker system to estimate the effect of AHL 

signals on nodulation competitiveness in R. leguminosarum. In order to eliminate  AHL signals 

we used the aiiA gene, encoding a lactonase from Bacillus subtilis. It had been previously 

demonstrated in the laboratory that the introduction of this gene cloned in plasmid pME6863 

was effective for the removal of the AHL signals in this bacterial species (Cantero et al. 2006).   

In order to estimate potential effects of AHL removal on bacterial growth that could 

interfere with the determination of the symbiotic competitiveness, we first analyzed the effect 

of the inhibition of QS signals on growth in liquid media. To this end, we determined the 

growth curves of R. leguminosarum strains harboring either AiiA-encoding plasmid pME6863 

or control vector pME6000 used as control. As shown in Fig. 20A, the presence of aiiA gene 

did not affect the growth rate of the Rlv UPM791 derivative strains when cultured in standard 

liquid media, and similar results were obtained for strains derived from Rlv 3841. Regarding 

AHL production, the derivative strains carrying the lactonase aiiA from B. subtilis showed a 

drastic reduction on the AHL content of the supernant, whereas strains carrying the control 

vector pME6000 maintained the wild type levels of AHLs (Fig. 20B). This allows us to study of 

the role played by AHLs signals in R. leguminosarum. 
 

 

Figure 20. Effect of the introduction of plasmids pME6863 and pME6000 into R. leguminosarum. (A) 

Growth curves of Rlv UPM791 and Rlv 3841 derivative strains grown in TY medium. Rlv strains carried 

either AiiA-encoding plasmid pME6863, or control vector pME6000. Values are the average of four 

replicates each. (B) TLC analysis showing AHL profiles for strains carrying the control vector pME6000, 

compared to those derivative strains carrying the lactonase aiiA on plasmid pME6863. 
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We first determined the effect of AHL degradation on competitive growth of R. 

leguminosarum in mixed colonies, a situation that might resemble the natural habitat in soil. 

To do this gusA+ strains were serially diluted with non AHL-degrading, gusA- derivative strains 

as described in Materials and Methods. The data were compared with those from similar 

experiments carried out with strains differing only in the marker (Fig. 21).  
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 In the case of strain 3841, the trend of average values indicated that less color was 

developed when aiiA-encoding plasmid pME6863 was included in the gusA+ strain, although 

this difference was significant (p>0.05) only for one of the dilutions. Conversely, increased 

gusA activity was detected in the mixed colony when the same plasmid was present in the 

gusA- strain (Fig. 21A), although, again, results were not significantly different (p<0.05) except 

for one dilution. In the case of Rlv UPM791, the presence of lactonase in plasmid pME6863 

had almost no effect on gusA activity of the mixed colonies (Fig. 21B). Overall, these results 

indicate that the presence of aiiA has not a major effect in the ability of R. leguminosarum for 

competitive growth in mixed colonies.   

 

3.2.4. Effect of AiiA on AHL accumulation in mixed cultures 

 

We have analyzed the possible effect of AiiA over other cells producing AHLs when they 

are present in a mixed culture. To evaluate such potential effect we tested whether the 

presence of the AiiA enzyme in a R. leguminosarum strain was able to reduce the 

environmental level of AHLs produced by other cells. To do this, we co-cultured Rlv UPM791 

derivatives carrying either pME6863 or pME6000 starting from inocula with different relative 

amounts of each strain (1:1, 1:10, and 10:1). The mixed cultures were incubated to a final 

OD600≈0.6, and AHLs were then extracted from the supernatant. The AHL extract obtained for 

each inoculum was compared by TLC analysis with mixtures of AHL extracts in the same 

proportions from cultures grown independently. In this analysis we found that the presence 

of as low as 10% of AiiA-expressing cells in a mixture with 90% of AHL-producing cells 

significantly decreased the amount of AHLs in the supernatant, and that a 1:1 ratio of AHL-

degrading vs. non-degrading cells led to undetectable AHL levels (Fig. 22). Similar results 

were obtained in parallel experiments conducted with pME6863 or pME6000-carrying  

derivatives of Rlv 3841 (data not shown). Since the aiiA-encoded lactonase enzyme is not 

exported outside the cytoplasm (Molina et al. 2003), these results suggest that the lactonase 

activity present in the cytoplasm of R. leguminosarum strains carrying pME6863 is able to 

efficiently degrade the AHL signals produced by other strains, which may be transported to 

the inside of AiiA-expressing cells at a rate high enough as to compensate the production of 

these molecules by the non-lactonase producing strain.  
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Figure 22. Effect of AiiA lactonase on degradation of AHL produced by non-AiiA expressing cells. The TLC 

plate shows AHL profiles of extracts obtained from mixed cultures in the indicated proportions, or with mixtures of 

AHL extracts obtained from independent cultures.  

 

3.2.5. Effect of AHL signals on nodulation competitiveness 

 

Since strain Rlv UPM791 was significantly more competitive that Rlv 3841, we decided to 

compare the effect of the removal of AHL signals only within derivatives of the same strain. To 

this aim we compared the effect associated to the presence of the lactonase gene aiiA in the 

ability of bacteria to nodulate pea plants in competition assays with different ratios of AHL-

degrading vs non-degrading strains (Fig. 23). In these assays we found no significant AiiA-

dependent differences in the case of strain Rlv UPM791 (Fig. 24A and B). In the case of Rlv 

3841 derivatives, only slight differences were observed in the assays (Fig. 23C), pointing 

towards a positive effect of the presence of the lactonase on competitiveness, although this 

could not be confirmed when markers were interchanged in a reciprocal assay (Fig. 23D).  
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Figure. 23. Analysis of the effect of quorum quenching on intra-strain competitiveness. Bars show the 

percentage of nodules resulting from celB-carrying strains compared to the total of nodules produced in each 

assay. Inocula mixtures were made at the indicated ratios. “ns” means no statistically significant difference 

between  the strains being tested (P > 0.05), while “*” means significant difference according to Bonferroni’s test 

(P < 0.05). ANOVA P-values for each interaction are <0.01 , 0.017 and <0.01 in A; <0.01 , <0.01 and <0.01 in B, 

0.011, 0.024 and 0.0055 in C; <0.01 , 0.0365 and <0.01 in D. Error bars represent standard errors of the mean. 

 

3.2.6. Stability of plasmids pME6000 and pME6863 

 

The lack of effect associated to the presence of AiiA strains in symbiosis prompted us to 

analyze the stability of plasmids pME6000 and pME6863 in free-living cells and in symbiosis. 

To this aim, Rlv UPM791 and 3841 derivative strains were cultured in TY liquid medium and 

in TY supplemented with tetracycline, and cells were plated afterwards in both YMA and 

YMATc plates in serial dilutions to estimate the number of cfu/ml. The results obtained (see 

Fig. 24) show a similar number of bacteria, independently of the presence of the antibiotic 

previous to plating each inoculum. This indicates that the plasmids were stable in free-living 

cultures, during four generations of growth. 

Plasmid stability in symbiosis was studied in nodules from pea plants inoculated with Rlv 

UPM791 and 3841 derivatives carrying pME6000 or pME6863. To this aim, serial dilutions of 

extracts from crushed nodule suspensions were plated into YMA and YMATc plates. In this 

case, the number of Tcr colonies was drastically reduced, indicating that plasmids pME6000 

and pME6863 are not stable in symbiosis (Fig. 24). We conclude from these results indicate 

that the plasmid-based quorum quenching approach is not appropriate to estimate the actual 

role of quorum sensing in symbiosis.  
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Figure 24. Analysis of pME6863 stability. Bars in black show the 
percentage of TcR colonies obtained from TY liquid cultures as referred to 
the number of colonies counted on YMA plates. Bars in grey show the 
percentage of TcR colonies recovered from nodules as referred to the 
number of colonies grown on YMA plates. 
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3.3. Effect of RhiRI Quorum Sensing system on symbiotic performance of Rhizobium 

leguminosarum bv. viciae UPM791.  

 

As described in the Chapter 1, the establishment of symbiosis between rhizobia and their 

legume hosts is a complex process still poorly understood. Furthermore, little is known about 

the role of QS systems in the life cycle of the organism (Downie 2010). However, the density of 

Rhizobium cells clustering around the root hairs must reach a threshold level before nodule 

invasion can occur (Caetano-Anolles and Gresshoff 1991). QS systems might play a significant 

role in regulating one or more stages of symbiosis by altering the expression of some target 

genes at the early stages of the infection process (Downie 2010; Gonzalez and Marketon 

2003). 

Nodulation seems to be normal in a R. leguminosarum strain lacking AHL production, as 

mutations in the rai, cin and tra systems do not have any apparent defects in nodulation as 

long as all the nod genes are present (Downie 2010;Gonzalez and Marketon 2003). The high 

level of expression of rhiA in the rhizosphere suggests a role in the early steps of symbiosis. 

However, no significant effect of this rhi (rhizosphere expressed) genes have been observed. 

To further characterize the role of the rhiRI QS system from Rlv UPM791 in symbiosis, 

individual mutants on the rhiRI genes were constructed. 

 

3.3.1. Construction of rhiI and rhiR mutants 

 

The rhiI and rhiR genes were identified in Rlv UPM791 by Cantero (2005), but no further 

characterization had been achieved. Individual deletion mutants were generated in Rlv 

UPM791 through a procedure of fusion PCR followed by double recombination, as described 

in Chapter 6. In each of the mutants, the corresponding gene was substituted by gene 

cassettes encoding spectinomycin (rhiR) or tetracycline (rhiI) resistance (Fig. 25). Since 

plasmid UPM791d had shown an effect on the production of QS signals (Cantero et al. 2006), 

the same mutations were introduced into Rlv UPM791.1, lacking this plasmid. The mutants 

were analysed for growth, AHL profile, biofilm production, and symbiotic performance. The 

results obtained are summarized below. 
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Fig. 25. Genetic location of rhiI and rhiR genes and mutant generation. 

The genes interrupted by the corresponding marker casseted ared indicated.  

 

We first analysed the potential effect of the lack of rhi genes on general growth of the 

strains by determining growth curves in liquid cultures grown in TY. In these experiments, 

growth of rhiR mutant was quite similar to that of the wild type strains whereas rhiI mutants 

showed a significantly decreased growth compared to the wild type (Fig. 26). This was later 

explained by the interference of this resistance marker with iron uptake (data not shown).  

 

 

Figure 26. Effect of mutations on rhiI and rhiR genes on the growth of R. leguminosarum strains. The 
indicated strains were grown in TY liquid media in a Bioscreen device. Values are the average of three 
replicates. 

 

3.3.2. Effect of rhiI and rhiR mutations on AHL production  

 

The effect of the mutations on the rhi genes on AHL profile was analyzed through TLC (Fig. 

27). As expected, elimination of the gene for the synthase RhiI in the wild type strain Rlv 

UPM791 resulted in a drastic reduction on the levels of C6-C7-C8 AHLs while maintaining the 

presence of 3-OH-C14:1-HSL, and a similar effect was found in the mutant lacking the RhiR 

regulator. The residual levels of low molecular weight AHL signals present in Rlv UPM791-

derived rhiI and rhiR mutants are likely coming from expression of traI. 
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The effect of deletions on Rlv UPM791 of rhiI and rhiR genes was more pronounced in the 

absence of plasmid pUPM791d, as no AHL signals were detected in culture extracts from rhi 

mutants derived from Rlv UPM791.1. These data suggest that pUPM791d might have an effect 

of the hypothetical low-level expression of traI indicated above. 

 

 

Figure 27. Effect of deletions on rhiI and rhiR genes on AHL production. The figure 

shows the result of the TLC analysis of culture supernatants from mutant strains derived 

from Rlv strains UPM791 (A) and UPM791.1 (B). For each sample, the amount of extract 

loaded corresponds to 2.5 ml of culture supernatant. 

 
 

Genetic complementation tests were carried out with plasmids containing the cloned rhiI 

in the multicopy plasmid, pBBR-MCS5. No significant increase on AHL signals was associated 

with the presence of clone rhiI in UPM791rhiI. In contrast, UPM791rhiI (prhiI) exhibited 

significant amounts of C6-C8 AHLs, indicating partial complementation of the phenotype. 

Complementation of rhiR mutant was attempted only in the case of Rlv UPM791.1. In this 

case, a whole copy of rhiR gene was cloned into pK18mobsacB, and this plasmid was inserted 

into the genome of UPM791.1rhiR by single recombination.  

 

3.3.3. Effect of RhiRI on biofilm formation 

 

Colonization of solid surface is a relevant trait for bacteria interacting with plants 

(Sanchez-Contreras et al. 2007). Since the altered expression of QS genes affects the formation 
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of biofilms in Mesorhizobium huakuii (Wang et al. 2004), we decided to test the ability of R. 

leguminosarum strains to produce biofilms using plastic microtiter plate wells. As it is shown 

in Fig. 28, deletion of either rhiR or rhiI had no significant effect on biofilm formation on 

plastic surface in the wild type strain UPM791. Similarly, there was no clear effect of the rhi 

mutations in UPM791.1 derivatives. In this case, however, the level of biofilm formation was 

greatly enhanced as compared to that of UPM791 derivatives. These data suggest that the 

absence of plasmid pUPM791d results in increased ability to attach to root surfaces, but such 

ability is not affected by the rhiRI QS system. 

 

 

Figure 28. Effect of RhiI and RhiR on biofilm formation. Bars indicate the amount of crystal 
violet-stained cells attached to microtiter plate wells after growth of strains derived from Rlv 
UPM791 (light blue bars) and from strain UPM791.1 (dark blue bars). Red dots indicate the 
OD600nm. 

 

 

3.3.4. Effect of RhiRI system on symbiotic performance  

 

In a different R. leguminosarum strain, mutants affected in the rhiI genes have reduced 

nodulation efficiency (Cubo et al. 1992). In order to assess the effect of the RhiRI mutation in 

the ability of Rlv UPM791 to establish a symbiotic association, liquid cultures of the wild type 

and mutant derivatives were used as inocula of pea plants, and the symbiotic performance 

was estimated. 
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Analysis of plants inoculated with Rlv UPM791rhiI mutant revealed a deficient growth 

and a yellowish aspect of the leaves (Fig. 29A). This was reflected on a significantly reduced 

accumulation of shoot dry weight (Fig. 30). Analysis of the root system revealed the presence 

of a mixture of white and red nodules, well distinct to those present in the wild type strain. In 

the case of the Rlv UPM791rhiR mutant strain, the aspect of the aerial part plant was 

indistinguishable from that of the wild type. Although the root systems of these plants 

contained a low proportion of white nodules, no reduction of shoot dry weight was observed 

(Fig. 30). 

The effect of RhiRI mutations was more drastic for the UPM791.1 strain. In this case, 

plants inoculated with mutants UPM791.1rhiI and UPM791.1rhiR grew poorly, with severe 

symptoms of nitrogen deficiency. In the case of UPM791.1rhiI, most nodules were white, 

with some red, normal looking nodules, whereas almost no red nodules were found in the 

case of UPM791.1rhiR (Fig. 29B). Plants inoculated with these mutants showed a 

significantly reduced shoot dry weight (Fig. 30). These results were unexpected, since no such 

drastic effects were found when similar mutations were studied in other R. leguminosarum 

strains. In order to ensure that the observed effects were due to the introduced mutations and 

not to other potential variations in the mutants, wild-type copies of rhiI and rhiR genes were 

provided in plasmids pBrhiI and pGrhiR.  

The introduction of pBrhiI partially restored the symbiotic performance of the 

corresponding mutants: plants exhibited a better growth and greener color, with increased 

shoot dry weight, although still some small white nodules were observed on both Rlv UPM791 

and UPM791.1 backgrounds (Fig. 29). Control strains bearing the empty vector pBBR1-MCS5 

showed the same phenotype as the rhiI mutants.  
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Figure 29. Effect of rhiI and rhiR genes on symbiotic performance of Rlv UPM791 (A) and Rlv 

UPM791.1 (B). Pictures shown on the top correspond to the aerial part of pea plants 21 days after 

inoculation with the indicated R. leguminosarum strains. Pictures shown below correspond to details of the 

corresponding root systems. Relevant symbiotic phenotypes are indicated.  
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Figure 30. Effect of rhiI and rhiR genes on shoot dry weight in pea plants. Bars represent the 

accumulation of shoot dry weight in pea plants 21 days after inoculation with the indicated strains. 

Values are the average of four replicates. Error bars indicate S.E. 

 

For rhiR mutants, a first attempt of complementation with a pBBR-based plasmid was 

unsuccessful. We reasoned that this could be due to potential deleterious effects linked to the 

presence of multiple copies of the RhiR regulator, so we carried out the integration of the 

wild-type rhiR gene using the suicide plasmid pGrhiR. The insertion of this plasmid into Rlv 

UPM791.1rhiR resulted in a significant improvement of the symbiotic performance, 

rendering green healthy plants with increased shoot dry weight, and a high proportion of red 

nodules, altough white nodules were found in the roots (Fig. 29B and 30).  

 

After infecting the host cell, bacteria differentiate into a distinct state called bacteroid, 

which is able to fix nitrogen. rhiR/rhiI-deficient mutants in Rlv UPM791 were all able to induce 

the formation of nodules, but such nodules were defective in nitrogen fixing activity, which 

was almost abolished according to acetylene reduction activity (data not shown). Thus, a 
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potential explanation would be that the differentiation of these cells into bacteroids fails once 

inside the nodule.  

In a first approach, a constitutively-expressed gene for green fluorescent protein (GFP) 

was introduced into wild-type and rhi-deficient strains using the plasmid pHC60, and bacteria 

within the nodules were visualized through confocal microscopy. RhiRI-complete strains Rlv 

UPM791 and UPM791.1 showed an organized, doughnut-shaped structures filled with 

bacteroids in infected cells from pea nodules. Also, individual bacteroids with characteristic Y-

shaped forms were observed (Fig. 31). This was also the case for rhiR defective mutant in Rlv 

UPM791. In contrast, white nodules formed by both rhiI mutants, as well as by rhiR in 

UPM791.1rhiR background, showed an aberrant structure, with most cells empty and no 

organized rhizobial cells inside the plant infected cells.  

 

 

 

Figure 31. Effect of rhiRI mutants on pea nodule structure. Pictures correspond to thick sections of pea 

nodules induced by gfp-containing derivatives of the indicated and visualized by confocal microscopy with a 

40x objective Insets show the aspect of the corresponding plant, and detailed view of bacteroids   
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No rhi mutant rendering such a defective nodulation had been previously described in R. 

leguminosarum. One of the possible explanations for this fact was the particular conditions of 

the pea plants nodulation assay. For this reason, previously studied Rlv strains A34 and 3841 

with a disrupted rhiI gene provided by Dr. Downie were analyzed for symbiotic performance 

under our laboratory conditions. As shown in Fig. 32, plants inoculated with the rhiI-deficient 

derivatives of R. leguminosarum strains A34 and 3841 were green and showed red, normal 

looking root nodules corresponding to wild type phenotypes as it had been previously 

reported. Thus, we conclude that the effect of rhiRI genes on symbiosis is strain-dependent.  

 

 
 
Figure 32. Effect of rhiI mutation on symbiotic performance of Rl strains A34 and 3841. Pictures shown on 

the top correspond to the aerial part of pea plants 21 days after inoculation with the indicated R. leguminosarum 

strains. Pictures shown below correspond to details of the corresponding root systems. Relevant phenotypes are 

indicate 

 
 

3.3.5. The effect of rhiRI mutation in R. leguminosarum UPM791 is host-dependent.  

 

With the aim of unraveling whether the observed phenotype associated to rhiRI mutations 

is consistent in other R. leguminosarum hosts, Rlv UPM791 and UPM791.1 mutants on the 

rhiRI QS system were assayed as symbionts of vetch and lentil plants.  
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Figure 33. Effect of the legume host on the relevance of rhiRI genes on symbiotic performance. Upper 

pictures shows the aerial part of vetch (A) or lentil (B) plants 21 days after inoculation, whereas the lower 

pictures show a detail of the roots corresponding to each of the strains tested. 
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In the case of vetch plants, UPM791-derived rhiI and rhiR mutants induced nodules quite 

similar to those from the wild type strain (Fig. 33A). UPM791.1-derived mutants, however, 

displayed a deficient phenotype with greenish nodules particularly evident in the case of 

UPM791.1rhiR hat led to yellowish aerial parts. Analysis of lentil plants inoculated with rhiI 

mutants showed no differences as compared to the wild type, rendering red nitrogen-fixing 

nodules and normal-looking plants (Fig. 33B). As for the rhiR mutants, in this host the 

phenotype was normal for UPM791rhiR, whereas nodules from UPM791.1rhiR exhibited a 

greenish color at the basal region, suggesting some type of alteration.  

Nodules obtained from the host assay carried out with vetch and lentil plants, together 

with the reference pea plants inoculated with the different strains were sectioned, stained 

with DAPI and visualized in a Confocal microscope. Bacteroids were commonly released from 

nodule cells when dissecting nodules, allowing their observation in close proximity to the 

nodule sections due to their accumulation at the coverslip. In the case of rhiI-defecient 

derivative of Rlv UPM791 strain, nodule sections obtained from vetch and lentil showed an 

organized structure, as was expected from the results observed in the plant assays, and 

different from that observed in pea nodules (Fig. 34). Furthermore, bacteroids were well 

differentiated in both vetch and lentil nodules. The same phenotype was observed in the case 

of rhiI mutant in Rlv UPM791.1 background (Fig. 34). However, in the case of the rhiR 

mutation in UPM791.1 (Fig. 34), disorganized infected cells were observed in vetch, as well as 

in pea nodules, whereas lentil nodules maintained organized bacteroids inside these cells.  

The defective symbiotic phenotypes observed with rhiRI mutants suggest a relevant role 

of UPM791 QS in the early stages of symbiosis as wells as in the progression of nodule 

formation. This effect is particularly relevant when plasmid pUPM791d is absent. 
 

Table 5. Effect of RhiI and RhiR mutations in symbiotic performance of R. leguminosarum UPM791 derivatives in 

association with different hosts. 

 
Strain  Pea  Vetch  Lentil  

791 wt  
Fix

+
 / Inf

+
 / Dif

+ 
 Fix

+
 / Inf

+
 / Dif

+
  Fix

+
 / Inf

+
 / Dif

+ 
 

791 rhiI  Fix
-/+

 / Inf 
-
 / Dif

-/+ 
 Fix

+
 / Inf

+
 / Dif

+ 
 Fix

+
 / Inf

+
 / Dif

+ 
 

791 rhiR Fix
+
 / Inf

+
 / Dif

+ 
 N.D.

 
 N.D. 

791.1 wt  
Fix

+
 / Inf

+
 / Dif

+ 
 Fix

+
 / Inf

+
 / Dif

+ 
 Fix

+
 / Inf

+
 / Dif

+ 
 

791.1 rhiI  Fix
-
 / Inf 

-
 / Dif 

- 
 Fix

+
 / Inf

+
 / Dif

+ 
 Fix

+
 / Inf

+
 / Dif

+ 
 

791.1 rhiR Fix
-
 / Inf 

-/+
 / Dif 

-/+ 
 Fix

-
 / Inf 

-
 / Dif 

- 
 Fix

+/-
 / Inf

+
 / Dif 

+/- 
 

 
Abbreviations: Fix+: effective nodules; Inf+: organized bacteroids within infected cells; Dif+: differentiated 
bacteroids are present. 



                                                              Chapter 3: 

Results 

83 

 

 

Figure 34. Effect of rhiRI mutants on pea, vetch and lentil nodule structure. Pictures correspond to thick sections of pea nodules DAPI-stained, 

containing derivatives of the indicated and visualized by confocal microscopy with a 40x objective Insets show the aspect of the corresponding plant, 

and detailed view of bacteroids.   
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3.4. Effect of CinRIS Quorum Sensing system in Rhizobium leguminosarum UPM791 

 
Common to all the analyzed strains of R. leguminosarum, the chromosomal cinRI system 

has been described as the master control for the other AHL-dependent QS systems present in 

R. leguminosarum strains (see Chapter 1). In the model strain A34, this regulation, mediated 

by the signal produced by cinI, 3-OH-C14:1-HSL, includes the three additional QS systems 

described in this bacterium, rhiRI, traRI and raiR. 3-OH-C14:1-HSL was the first AHL molecule 

described in R. leguminosarum. It was previously reported as a “small bacteriocin” regulating 

growth inhibition, transfer of the symbiotic plasmid pRL1JI, and expression of rhi genes 

(Gray 1996;Wisniewski-Dye and Downie 2002). The regulation exerted by the cinRI 

system represents one of the most complex QS circuits. In order to further analyze the 

significance and regulation of the production of AHL signal molecules in R. leguminosarum 

UPM791, we have constructed mutants deficient in the cinRI QS system. A detailed analysis of 

the effect of these mutations on AHL production, biofilm formation and symbiosis with pea 

plants has been carried out. 

 

3.4.1. Construction of mutants on the cinRIS system 

 

The cinI and cinR genes were identified in Rlv UPM791 by Cantero (2005). In the course of 

this work, the small protein CinS was identified in Rl 8401 (Edwards et al. 2009), interfering 

also in the QS regulation of the bacteria. The genetic structure of this system in Rlv UPM791 is 

homologous to that present in Rl 8401, also finding cinS cotranscribed with cinI.     

An individual deletion mutant was generated in the gene for cinI synthase by replacement 

with a spectinomycin resistance cassette. Using a similar procedure, we also generated a 

complete deletion for the entire cinRIS system. Both mutants were constructed by fusion PCR 

followed by double recombination, as described in Chapter 6. These mutations, carrying an 

spectinomycin resistance cassette, were introduced into Rlv UPM791 and its pUPM791d- 

derivative strain, UPM791.1. cinS gene was interrupted through single recombination of a 

plasmid bearing an internal fragment of the gene. This mutation was also introduced into the 

cinI mutant to generate cinIcinS double mutation.  
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Figure 35. Genetic location of cinRIS genes and mutant generation. cinI and cinR genes 

were interrupted by the insertion of an spectinomycin cassette, whereas plasmid 

pK18mobsacB was inserted in cinS, carrying kanamycin resistance.  

 

To obtain a double mutant cinIrhiI, both the spectinomycin and the tetracycline 

resistance cassettes were integrated by double recombination. In order to get a double 

mutant affected in both AHL synthases, a rhiI mutation of the cinI mutant strain UPM1252 was 

attempted unsuccessfully. Instead, we introduced the cinI mutation into the rhiI mutant 

UPM1255, finally generating the double cinIrhiI mutant.  

 

We checked all the generated mutants for major defects in growth by determining the 

growth curves in TY medium. None of the mutants showed significant alterations in these 

curves (Fig. 36). 
 

 

Figure 36. Effect of the mutation on cin genes on growth of R. leguminosarum strains. The indicated strains 

were grown in TY liquid media in a Bioscreen device. Values are the average of three replicates. 
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3.4.2. Effect of mutations on the cinRIS Quorum Sensing system on AHL production 

 

AHL profiles of the different cin mutants were determined by TLC analysis of extracts 

obtained from culture supernatants. In the Rlv UPM791 background, these mutations strongly 

affected AHL production (Fig. 37A). The mutant bearing the cinRIS deletion lost its ability to 

produce 3-OH-C14:1-HSL, but maintained the small signals produced by the rhiRI system. 

Surprisingly, mutants lacking cinI did not show detectable AHL signals, whereas mutation in 

cinS resulted in extracts with apparently all the signals described in the wild type strain but 

with increased amount of 3-OH-C14:1-HSL (Fig. 37).  

 

 

Figure 37. Effect of mutations in cin genes on AHL profile. The picture shows the result of TLC analysis of 

extracts obtained from medium supernatant from the indicated strains. AHL were detected by using the reporter 

strain A. tumefaciens NT1(pZRL4) as overlay. The amount of extract loaded corresponds to 2.5 ml of culture 

supernatant.  

 
CinRIS mutation in the background of the pUPM791d-deficient strain UPM791.1 gave a 

different pattern of results. All mutants (cinI, cinRIS, cinS and cinIcinS) maintained the 

AHL signals of intermediate size (Fig. 37B). As expected, no 3-OH-C14:1-HSL signal was 

observed.  

 

The unexpected results regarding the effect of cinI mutations on AHL profiles prompted us 

to confirm the mutations by a complementation test. To this aim, we cloned cinI, cinIS and 
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cinRIS into the multicopy plasmid pBBR1-MCS5. For unknown reasons, the introduction of 

these plasmids did not restore de production of 3-OH-C14:1-HSL in the mutants (data not 

shown), so we tried a second approach through the insertion of copies of the genes cloned in 

the suicide plasmid pG18mob2 (see Chapter 6). Because the phenotypes observed in cinI and 

cinRIS mutants were the most relevant ones, pGcinI, pGcinIS and pGcinRIS plasmids were 

introduced only into the corresponding mutants generated in Rlv UPM791. When AHLs 

extracted from the supernatants of the transconjugant strains were analyzed by TLC, we 

observed that all these plasmids were able to partially restore the production of 3-OH-C14:1-

HSL. However, no complementation for production of small-size AHLs was achieved in the 

cinI mutant neither with pGcinI, nor with cinI together with the small gene cinS cloned into 

pGcinIS plasmid. The cinRIS deletion mutant was restored for AHL levels seen in the wild 

type, thus including 3-OH-C14:1-HSL signal, when a wild type copy of the cinRIS QS system was 

introduced by insertion of pGcinRIS plasmid (Fig. 37A).   

 

3.4.3. Effect of mutations on the cinRIS Quorum Sensing system on biofilm formation 

 

The potential effect of cin mutations on the ability of these R. leguminosarum strains to 

produce biofilm was analyzed by a microtiter plate assay and measured by crystal violet 

binding. As shown in Fig. 38, in the case of mutants derived from strain Rlv UPM791, 

significant increases in biofilm formation correlated with the absence of cinI in the mutant 

strains. This increase was not observed when the same mutants derived from the pUPM791d-

deficient strain UPM791.1, with the possible exception of UPM791.1cinRIS, for which a slight 

increase was detected. It has to be noted, however, that strain UPM791.1 exhibited levels of 

biofilm significantly higher than those in the wild type strain UPM791. 
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Figure 38. Effect of cin genes on biofilm formation by R. leguminosarum strains. Bars represent biofilm 

formation by the indicated mutants derived from UPM791 (light blue) or from UPM791.1 (dark blue). 

Biofilm formation was estimated by the retention of crystal violet (determined by OD570) in microtiter plate 

wells. Rombs represent grothw of the culture in microtiter well (OD600) Red dots indicate the OD600nm. 

 

3.4.4. Effect of cinRIS system on symbiotic performance  
 

R. leguminosarum UPM791 mutants deficient in cinI, cinS, and cinRIS were used as inocula 

for pea plants. After 21 days of growth, plants inoculated with UPM791 mutants affected in 

cinI, cinIS and cinRIS were small and yellow, whereas those inoculated with the other strains 

were green and healthy (Fig. 39 and 40). Analysis of the roots revealed that UPM791cinI and 

UPM791cinIS mutants were unable to nodulate, whereas UPM791cinRIS induced white and 

inefficient nodules. Plants inoculated with UPM791cinS displayed normal-looking, red 

nodules. For all mutants, significant decreases on shoot dry weight were observed. Such 

decreases were quite strong for 791cinI and cinRIS mutants, and more moderate in the case 

of UPM791cinS strain (Fig. 41). 

In the case of UPM791.1 derivatives, lacking plasmid pUPM791d, the situation was clearly 

different, since all the mutants were associated to green plants with roots full of red nodules. 

Growth of the plants was, nevertheless, affected also in these mutants, since accumulation of 

shoot dry weight was significantly reduced in all cases in which a functional cinI was absent 

(Fig. 41). The reduction in growth was particularly noticeable in the case of plants inoculated 
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with UPM791.1cinRIS. The rest of the plants were visually indistinguishable from the wild 

type (Fig. 39). 

 Analysis of shoot dry weight demonstrated that, except for the mutants affected only in 

cinS, the symbiosis with the mutant strains was not as efficient as that with the wild type. 

Regarding cinS, the inactivation of this gene did not influence nodulation ability nor shoot dry 

weight in both genetic backgrounds tested Rlv UPM791 (Fig. 40). The phenotype observed for 

791cinIcinS double mutant was likely associated to the interruption of the gene for the 

synthase CinI.  

 

UPM791-derived mutants genetically complemented by insertion of the complete forms of 

the deleted cin genes (see above) were also assayed in plants. In mutants harboring a 

complete cinRIS deletion, insertion of pGcinRIS rendered a mix of white and red nodules, 

while the original mutant strains only produced white and inefficient nodules. These data 

indicate a partial complementation for this mutation. When the inoculated strain was 

recovered from those red nodules and re-inoculated, the second test resulted in normal 

production of red nodules for this complemented mutant and full recovery of the wild type 

phenotype both in plant aspect and on the accumulation of shoot dry weight (Fig. 41).  

This same procedure was carried out with the cinI mutant, which produced 1 to 3 single 

white nodules per plant, in the first inoculation assay. However, the isolated strains from 

these nodules did not revert to wild type symbiotic performance in the second plant assay. 

Thus, as it happened with AHL production, genetic complementation tests for cinI mutant did 

not restore its nitrogen-fixing ability.  

 

The symbiotic phenotype associated to cin mutants indicates that 3-OH-C14:1-HSL is highly 

relevant for the symbiosis, particularly in the presence of plasmid pUPM791d. Overall, the 

results obtained indicate the existence of a model of QS-dependent regulation significantly 

different to that previously described in other R. leguminosarum strains, where no relevant 

symbiotic phenotype had been observed in mutants defective in the cin system.  
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Figure 39. Effect of cin genes on the symbiotic performance of Rlv UPM791 on pea plants. Pea plants were 

grown for 21 days after inoculation with the indicated strains. A detailed view of the root system is shown below. 
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Figure 40. Symbiotic performance of cinS mutants on pea plants. Upper 

pictures shows shoot part of the plant, whereas the lower pictures show a 

detail of the roots for each of the strains tested.  

 

 

Figure 41. Effect of the mutation of cin genes on shoot dry weight accumulation. Data correspond to 

21-day old pea plants inoculated with the indicated cin mutants derived either from Rlv UPM791 (yellow 

bars) or from UPM791.1 strain (blue bars). Red bar correspond to uninoculated control plants. 
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In order to analyze the nodule structure and bacteroid differentiation in R. leguminosarum 

cin mutants, a constitutively expressed gene encoding Green Fluorescent Protein (GFP) was 

introduced into the cinRIS mutant through plasmid pHC60, and confocal microscopy was used 

for detailed observation of the nodule structure. Whereas Rlv UPM791 wild type strain 

showed an organized structure of infected cells and normal development of bacteroids in pea 

nodules, white nodules formed by cinRIS mutant rendered a low number of infected cells with 

a disorganized structure, and with hardly detectable bacteroids (Fig. 42).  

 

 

Figure 42. Effect of cinRIS mutants on pea nodule structure. Pictures correspond to thick sections of pea 

nodules induced by gfp-containing derivatives of the indicated and visualized by confocal microscopy with a 

40x objective Insets show the aspect of the corresponding plant, and detailed view of bacteroids   

 

As Rlv strains A34cinI and 3841cinI had shown a different phenotype, these strains were 

re-evaluated for symbiotic performance under our laboratory conditions. As shown in Fig. 43, 

inactivation of cinI in these genetic backgrounds did not result in significant alterations of 

symbiotic phenotype of the wild type strains, as it had been already reported. These results 

indicate that the cin-dependent symbiotic phenotype observed in Rlv UPM791 differs from 

that in other previously studied Rl strains.  
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Figure 43. Symbiotic performance of pea plants inoculated with cinI-deficient mutants of R. leguminosarum strains 

A34 and 3841. Upper pictures shows shoot part of the plant, whereas the lower pictures shows a detail of the roots for 

each of the strains tested 

 

3.4.5. Analysis of the effect of legume host on cinRIS-dependent phenotypes in R. 

leguminosarum UPM791 

 

In order to check whether the legume host could affect the observed requirement for cinI, 

Rlv UPM791 mutants for cinI, cinIS and the complete QS system cinRIS were assayed into 

vetch and lentil host plants (Fig. 44). In these assays, UPM791cinRIS induced similar, 

symbiotically deficient phenotypes in pea a vetch, rendering yellow plants and white and 

inefficient nodules. However, lentil plants showed a less marked deficient phenotype, as still a 

few red nodules were formed, indicating that lentil might be a host more tolerant for cinI 

deficiency. In contrast, mutants affected on cinI, and also on cinIS, showed a defective 

phenotype common to all Rl bv. viciae hosts, as vetch and lentil plants inoculated with these 

mutants were also unable to form nodules, and the aerial part showed in all cases a yellowish 

aspect.  
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Figure 44. Analysis of symbiotic performance of cin mutants in different legume hosts. Upper 
pictures show shoot part of the plant, whereas the lower pictures show a detail of the roots for each 
of the strains tested. 
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Rlv strains A34 and 3841 with a disrupted cinI gene were also inoculated onto vetch and 

lentil plants to check whether they gave a different phenotype to the one previously by trying 

additional host plants. As it happened with pea plants, all of them behaved as the wild type 

(data not shown). All these data suggest that the cinRIS QS in Rlv UPM791 system had an 

essential role in the R. leguminosarum symbiotic association.  

 

Nodule structure of 791cinRIS mutant was also studied in the three hosts legume hosts 

(pea, vetch and lentil) by DAPI staining and confocal microscopy (Fig. 45). Nodule sections 

obtained from vetch showed the same phenotype already observed on pea nodules, with 

hardly any infected cell and disorganized bacteroids. However, in the case of lentil nodules, 

organized structures containing differentiated rhizobial cells and similar to those seen with 

the wild type strain were observed.  

 

 

Figure 45. Effect of cinRIS mutants on pea, vetch and lentil nodule structure. Pictures correspond to 

thick sections of DAPI-stained pea nodules from UPM791cinRIS-inoculated plants, and visualized by 

confocal microscopy with a 10x (BF: bright field) and 40x objectives. Insets show the aspect of the 

corresponding plant, and detailed view of bacteroids.   
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Table 6. Comparative analysis of the effect of Rlv UPM791 cin mutations in different legume hosts 

 

Strain  Pea  Vetch  Lens  

791 wt  Nod
+
 / Fix

+
 / Inf

+
 / Dif

+ 
 Nod

+
 / Fix

+
 / Inf

+
 / Dif

+ 
 Nod

+
 / Fix

+
 / Inf

+
 / Dif

+ 
 

791 cinI  Nod
-
  Nod

-
  Nod

-
  

791 cinRIS Nod
+
 / Fix

-
 / Inf

+
 / Dif

- 
 Nod

+
 / Fix

-
 / Inf

+
 / Dif

- 
 Nod

+
 / Fix

+
 / Inf

+
 / Dif

+ 
 

 

Fix+: fixes nitrogen; Inf+: infection has progressed and infected cells are well organized; Dif+: differentiated bacteroids 

are present. 

 

 

3.4.6. Effect of cinI mutation on stability of symbiotic plasmid  

 

QS in Rlv UPM791 was shown to be involved in symbiosis. In particular, UPM791cinI was 

unable to induce nodules on the roots of three legumes that R. leguminosarum bv. viciae 

usually nodulate (pea, lens and vetch). To further understand this phenotype and to unravel 

the genetic determinants depends on a functional CinI synthase, additional assays with this 

mutant were carried out.  

As 3-OH-C14:1-HSL has been reported to interfere with the cell growth, one interesting 

possibility was that 3-OH-C14:1-HSL was limiting the growth of Rlv UPM791cinI during host 

colonization. The purpose of this growth control would be to avoid excessive bacterial growth 

around root hairs able to induce a plant defense response (Gray 1996). To test whether the 

inability to form nodules was due to growth inhibition by flavonoids synthesized by the plant, 

two different experiments were carried out. First, exudates were extracted from pea seedlings 

and tested in liquid cultures containing either cinI mutant or the wild type. In a second 

approach, this assay was also carried out with the commercial flavonoid naringenin. However, 

none of these growth tests resulted in a differential phenotype as regarding the wild type, 

indicating that flavonoids were not the reason of this symbiotically deficient mutant. 

 Another possibility to explain this phenotype was a potential defect on the ability of 

Rhizobium cells to attach to legume root hairs before infection occurs. To check this possibility 

we compared root attachment of wild-type Rlv UPM791 and cinI- derivative strains. After a 4-

hour incubation, approximately 3.4 + 2.2 x 105 wild-type cells were attached, whereas only 1.4 

+ 0.49 x 103 UPM791ΔcinI cells attached, respectively. This 100-fold decrease in attached cells 

suggests that multiplication and colonization of the root surface was failing in the 

UPM791ΔcinI mutant.  
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In the light of these evidences, it can be concluded that the cinI mutant was behaving as a 

non-symbiotic strain. Like most of fast-growing rhizobia, R. leguminosarum UPM791 has the 

main complement of symbiotic genes located on a plasmid, called pSym (UPM791c). The 

potential loss of this plasmid was checked by PCR amplification of genes hypC and rhiI, known 

to be located in the pSym. Surprisingly, this was likely the case, since none of the hup or rhi 

genes chosen for this analysis resulted in an amplified PCR product in the mutant strain, 

whereas clear amplification bands were observed in the case of the wild type (Fig. 46A, 46B). 

The loss of the symbiotic plasmid was verified by analysis of plasmid profile in Eckhardt-type 

gels (Fig. 46C). This analysis revealed that the deletion of cinI gene indeed resulted in the loss 

not only of pSym, but also of pUPM791d plasmid. This result, which could explain the strongly 

deficient symbiotic phenotype of the UPM791ΔcinI strains, opens new questions regarding 

the molecular mechanism involved in the observed QS-dependent maintenance of symbiotic 

plasmids in Rlv UPM791.  
 

 

Figure 46. Evidences for the loss of pSym in Rlv UPM791. (A) PCR analysis for symbiotic 

genes located in pSym, rhiR and hypC, and in plasmid pUPM791d, contig 0010. (B) PCR analysis 

for glnII as a housekeeping gene. (C) Eckhardt gels showing plasmid profile for Rlv UPM791 

mutants. The plasmids that are visualized are indicated with an arrow on the right.  
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3.4.7. Analysis of cin gene expression in Rhizobium leguminosarum UPM791 

 

The regulation of AHL production in Rlv UPM791 is a complex process involving the 

symbiotic plasmid (pUPM791c) and the smallest plasmid (pUPM791d). When the latter is 

absent, the signal 3-OH-C14:1-HSL is not detected, indicating the existence of a dependent 

regulation exerted by this plasmid over the chromosomic system cinRI (Cantero 2005). In 

previously studied Rl strains A34 and 3841, cin genes were at the top of a hierarchical 

regulatory network that induces the other QS systems (Lithgow et al. 2000; Frederix et al., 

2011). With the aim of characterizing this regulatory network in Rlv UPM791, two different 

approaches have been carried out. 

 

In order to analyze the pattern of expression of cin genes from Rlv UPM791, cinI’-lacZ 

(pMPCL4), cinRI’-lacZ (pMPCL6) and cinR’-lacZ (pMPCL1) fusions were constructed and 

introduced into Rlv UPM791 and Rlv UPM791.1 strains. The expression analysis also included 

a rhiI’-lacZ (pMPRL3) fusion as control.  

 
 

 

 

 

Figure 47. Expression analysis for cinI and rhiI in Rlv UPM791 and Rlv UPM791.1 strains. In each case, the 

growth curve (OD600nm) of Rlv UPM791 with the corresponding fusion plasmid is shown. Expression is measured 

as Miller Units (MU). 
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We first analyzed the expression of the synthase gene cinI with the fusion pMPCL4 (Fig. 

47A). This fusion was associated to a β-galactosidase activity that increased along with 

OD600nm values, confirming the QS-dependent regulation of cinI expression in Rlv UPM791. 

Similar values were observed in the case of the rhiI’-lacZ fusion pMPRL3 (Fig. 47B). When the 

same fusions were expressed in strain UPM791.1, the pattern of expression was similar but 

the values were significantly lower, suggesting a lower level of induction of both synthases in 

the absence of pUPM791d.  

The expression of cinR gene (Fig. 47C) followed a different pattern, showing a stable level 

of activity through the different phases of the culture, irrespective of the presence/absence of 

pUPM791d. This result suggests that the LuxR-like regulator CinR is constitutively expressed 

at low level in this strain.  

When we analyzed the expression of cinI using the fusion pMPCL6, that contains a whole 

copy of cinR, the pattern of expression was also parallel to the growth curves, but the level of 

β–galactosidase activity was considerably higher, with values over 3,000 M.U. even at low cell 

density (Fig. 47D). We interpretate this as a consequence of the presence of a whole copy of 

cinR in the fusion construct. A higher level of this regulator would induce higher level of cinI 

expression even in the presence of low levels of AHLs.  

Surprisingly, the same tendency was observed in strain Rlv UPM791.1 (Fig. 47). Cloned 

cinR together with cinI in the cinRI’-lacZ fusion resulted in significant cinRI’-lacZ expression, 

which contrasts with the fact that no 3-OH-C14:1-HSL was detected by TLC analysis in this 

strain. Moreover, cinI’-lacZ fusion was also induced to the same levels of rhiI’-lacZ fusion. This 

effect indicated that a low threshold concentration of 3-OH-C14:1-HSL may be required for cinI 

activation. 

In order to check whether these strains had the same AHL profile observed in the strains 

without fusions, a TLC analysis was carried out (Fig. 48). As expected, the low molecular 

weight AHLs produced by RhiI were observed in all the strains. In contrast, 3-OH-C14:1-HSL 

was only observed in those Rlv UPM791 derivative strains, but was absent from the 

supernatants of Rlv UPM791.1 derivatives. We conclude that the transcriptional fusions are 

not accurate to determine the physiological cinI activity in UPM791.1. This might be due to the 

existence of a potential regulatory event at posttranscriptional level, or to an artifact due to 

the multiple copies of promoter and/or cinR genes provided with the fusions. In order to 

check this possibility, an alternative methodology was carried out by qRT-PCR for the wt and 

cinRIS strains. 
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Figure 48. TLC analysis for cinRI’ and cinI’ 

fusions.  

 

To further characterize the potential regulation of cin system, expression analysis by qRT-

PCR was carried out with Rlv UPM791, UPM791.1 and their corresponding cinRIS mutants. 

In these experiments we normalized the data with the gene rpoD. To make different replicates 

comparable, the expression of every gene was referred to the values in UPM791, comparing 

expressions of the same gene in other backgrounds. We found that cinI gene exhibited a very 

low expression in UPM791.1 strain, compared to the wild type (Fig. 49A). This is consistent 

with the observation that UPM791.1 does not produce 3-OH-C14:1-HSL enough to activate cinI’-

lacZ fusion in the β–galactosidase activity assay described above. cinRIS showed no 

expression.  

In the case of rhiI, similar levels were obtained for the strains UPM791 and UPM791.1 (Fig. 

49C). On the other hand, rhiI induced almost no expression in UPM791cinRIS strain, 

although this mutation does not cause such a dramatic effect in the UPM791.1 background. 

rhiR expression has been shown to be higher in UPM791.1 than UPM791 (Fig. 49D). As in the 

case of rhiI, rhiR induction is also affected in UPM791cinRIS. Interestingly, rhiR expression 

was significantly higher in UPM791.1cinRIS mutant. Our interpretation of these results is 

that the expression of rhiRI depends on cinRIS in Rlv UPM791, but not in UPM791.1.  

Finally, traI gene expression was also analyzed in these four strains (Fig. 49B). This gene is 

likely expressed in UPM791 at a similar level compared to rpoD. Similar levels of expression 

were observed in the rest of the strains tested. These results suggest that cinRIS system does 

not affect the expression of traI in R. leguminosarum bv. viciae UPM791. 

C14
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Figure 49. qRT-PCR analysis for cinI, traI, rhiI and rhiR genes in RLV UPM791 and derivative strains. The 

relative induction is expressed as the fold change as referred to UPM791 strain. Gene expression was measured at 

late exponential phase. Values are the average of three biological samples with three replicates each. 

 

 

3.4.8. Transfer of pUPM791d to other defective cinI mutant strains. 

 

Plasmid pUPM791d was shown to be a key component regarding the role of QS in the 

symbiotic performance for Rlv UPM791. This effect seems to be due to the presence of a 

genetic determinant located in this plasmid which interferes with the QS systems of the 

bacterium, in particular the system cinRIS. To test whether this genetic determinant present 

in pUPM791d was able to cause a defective symbiotic phenotype in other Rl strains with a 

disrupted cinI but nod+ and fix+ on peas, this plasmid was mobilized by means of a mob 

insertion to the strains 3841cinI and A34cinI. In these experiments we could not obtain 

trnasconjugants for strain Rlv 3841cinI, suggesting that this plasmid cannot be replicated in 

this strain. A34cinI, in contrast, was able to incorporate it. Transconjugant strains A34cinI 

(pUPM791d::mob) were tested as inocula on pea plants. However, the presence of pUPM791d 

did not affect the symbiotic performance of this strain (data not shown).   
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3.5. Secretion of 3-OH-C14:1-HSL in Rhizobium leguminosarum UPM791 
 

AHL signals were assumed to diffuse freely across membranes. However, in the case of the 

long-chain AHLs such as 3-OH-C14:1-HSL, an active efflux system might be required, as had 

been described for Pseudomonas aeruginosa and 3-oxo-C12-HSL (Pearson et al. 1999). 

Whereas the small signal produced by this bacterium, C4-HSL, was shown to cross freely the 

cell membrane, 3-oxo-C12-HSL was actively secreted by means of the mexAB-oprM efflux 

pump. As Rlv UPM791 synthesized a long-chain AHL, 3-OH-C14:1-HSL, the existence a potential 

AHL transporter was analyzed in this work. 

 

3.5.1. Identification of a potential exporter in R. leguminosarum UPM791 
 

According to the existing reports in the literature, mexAB-oprM system has been 

implicated in long-chain AHLs export. This efflux pump comprises three main proteins: a 

cytoplasmic membrane component of the resistance-nodulation-cell division (RND) family 

(MexB), an outer membrane component forming channels in the outer membrane (OprM) and 

a membrane fusion protein (MFP) linking the two previous ones (MexA) (Pearson et al. 1995; 

Pearson et al. 1999). A BLAST search carried out in the Rlv UPM791 genome sequence 

revealed the presence of genes for a putative transporter of the RND family in the 

chromosome. The identified gene cluster contained the following genes (see Fig. 50):  
 

 UPM791_6179 (MexR): 200 aa; transcriptional regulator, TetR family. 

 UPM791_6181 (MexA): 403 aa; efflux transporter, RND family, MFP subunit. 

 UPM791_6182 (MexB): 1036 aa; RND transporter, hydrophobe/amphiphile efflux-1 

(HAE1) family. 

 UPM791_6183 (OprM): 475 aa; efflux transporter, outer membrane factor (OMF) 

lipoprotein, NodT family. 

 UPM791_6184 (LacI-like protein): 347 aa; transcriptional regulator, LacI family. 

 

 
 

Figure 50. The mexA-OprM system from R. leguminosarum UPM791. Arrows on the top represent the 

genetic structure of the DNA region encoding a potential RND transporter system in the chromosome of 

Rlv UPM791.  Arrows at the bottom of the figure correspond to the genes from the P. aeruginosa MexAB-

OprM system. Numbers indicate the percentage of identity between the protein sequences of both 

strains.  

Pseudomonas aeruginosa PAO1 
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In order to have an idea of the conservation of this system on other Rhizobiaceae, a similar 

search was carried out with other rhizobial strains (Table 7). According to the identity 

percentages, the system found in Rlv UPM791 genome seems to be widely spread and highly 

conserved in rhizobia. As it is shown in Table 7, MexAB-OprM system is highly conserved in 

members of the Rhizobiaceae family.  

 

Table 7. Conservation of mexAB-oprM in the genomes of Rhizobiaceae. 
 

Strain: 

Gene 

Rl bv. trifolii 

WSM1325 

Rl bv. viciae 

3841 

Rl bv. trifolii 

WSM2304 

R. etli 

CFN42 

A.tumefaciens 

C58 

mexR 95 95 86 85.8 49.3 

mexA 98.8 97.1 95.1 90.6 57.7 

mexB 99 99 98 95.9 78.1 

oprM 91.3 91.3 93.3 93.3 61.4 

lacI 94.6 93.7 88.6 87.1 68.1 
 

Numbers correspond to the percentages of amino acid identity as derived from BLAST comparison. 

 

 

3.5.2. Analysis of a mutant deficient in the putative mexAB-oprM system from Rlv 

UPM791 

 

The construction of a mexAB mutant was carried out by deletion of an internal fragment 

including the 3’-end of mexA and the 5’-end of mexB  and simultaneous insertion of an 

antibiotic resistance cassette through double recombination as described in Chapter 6. This 

system is not essential for Rlv UPM791, since no relevant growth differences were observed 

between UPM791mexAB mutant strain and the wild type (data not shown).  

In order to characterize the potential effects of the inactivation of RND system on AHL 

profile, supernatant extracts from wild type and mutant strains were compared through TLC 

analysis. In this analysis we did not detect 3-OH-C14:1-HSL in the supernatant of 

UPM791mexAB (Fig. 51). 
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Figure 51. Effect of mexAB-oprM system on AHL 

production. TLC analysis of AHL extracts obtained from 

both the supernatant (SP) and the cell debris (P) of Rlv 

UPM791 wild type cells and complete deletion of mexAB 

genes mutant strain. C14 indicates the level where the 

signal 3-OH-C14:1-HSL is observed.  

 

To further characterize mexAB mutation regarding its AHL production defective 

phenotype, the content of AHLs in the supernantant extracts was analyzed through UHPLC-MS 

analysis. As shown in Table 8, there was a significant reduction in the level 3-OH-C14:1-HSL of 

791mexAB mutant as compared to that in the wild type. This UHPLC-MS analysis showed to 

be more sensitive to 3-OH-C14:1-HSL than the bioassay with the reporter strain A. tumefaciens 

NT1(pZRL4), as it was shown that the level of 3-OH-C14:1-HSL in the supernantant was 

significantly reduced (ca. 60% reduction) but not eliminated as shown by TLC, as compared to 

the wild type. Interestingly, the reduction in the level of C6-HSL correlated with an increase in 

the content of C6-HSL, suggesting a potential effect of the retention of 3-OH-C14:1-HSL inside 

the cell over the expression of rhi system.  
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C14
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Table 8. Effect of a mexAB mutation on the contenta of AHL signal molecules in R. leguminosarum. 

AHL C
6 -HSL C

8-HSL 3-OH-C14:1-HSL 

Ion m/zb 200 214 326 

791 wt 8,430 +  906 1,797 +  255 63,538 +  226 

791mexAB 18,081 +  650 990 +  10 26,140 +  1,042 

a Values represent units of area of the corresponding UHPLC-MS peaks. 
b m/z value correspond to the fragmentation ion characteristic of the corresponding acyl-chain. Values represent 
the mean of three independent replicates. 

 
 

3.5.3. Effect of mexAB mutation on symbiotic performance  

 

UPM791mexAB mutant strain was tested for its ability to nodulate and fix nitrogen on 

pea plants. After 21 days of growth, plants inoculated with the mutant were green and 

healthy, with abundant red nodules, indistinguishable from those induced by the wild-type 

strain (Fig. 51A). The level of nitrogen fixation, as determined by acetylene reduction assay, 

was also normal (data not shown). Also, no significant differences were observed in the 

accumulation of shoot dry weight (Fig. 51B). 

 

 
 
 Figure 52. Effect of mexAB mutation on symbiotic performance of Rlv UPM791 (A) Pictures shown on the top 

correspond to the aerial part of pea plants 21 days after inoculation with the indicated R. leguminosarum strains. 

Pictures shown below correspond to details of the root systems with nodules induced by each of the strains tested. 

(B) Effect of mexAB genes on shoot dry weight in pea plants. Bars represent the accumulation of shoot dry weight 

in pea plants 21 days after inoculation with the indicated strains. Values are the average of four replicates. Error 

bars indicate S.E. 
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These results indicate that the inactivation of the mexAB-oprM system has no effect on the 

symbiotic performance of R. leguminosarum  

 

3.5.4. Complementation analysis 

 

In order to verify that the reduction on the 3-OH-C14:1-HSL levels in the supernantant was 

indeed an effect of the introduced mutation, the mutant strain was complemented with a wild 

type copy of the mexAB-oprM complete system cloned in plasmid pBBR1-MCS5. Introduction 

of cloned mexAB-oprM resulted in enhanced 3-OH-C14:1-HSL production, as shown by TLC 

analysis using A. tumefaciens NT1(pZRL4) as bioreporter in a TLC assay. 

 

 

Figure 53. mexAB complementation analyzed by TLC. (A) A. tumefaciens NT1(pZRL4) used as bioreporter 

(B) pIJ9149 (cinRI-lacZ) bioreporter.  

 

The use of A. tumefaciens NT1(pZRL4) as biorreporter strain for the detection of long-

chain AHL signals present some limitations, since the traR-lacZ fusion present in this reporter 

has a low sensitivity for this type of AHL (Cha et al. 1998). In fact, we have observed some 

variations in the ability of this reporter to detect of 3-OH-C14:1-HSL in the wild-type strain (Fig. 

53A). In order to assess AHL extracts by TLC, the use of a more sensitive strain would be 

preferable. We tested an E. coli strain harboring plasmid pIJ9149, with a cinI-lacZ fusion 
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carrying cinR gene provided by Dr. Downie. CinR is the cognate LuxR-receptor protein for this 

specific signal, so higher specificity and sensitivity for 3-OH-C14:1-HSL signals were expected. 

As shown in Fig. 52B, the cinRI bioreporter was indeed quite specific, since no signal 

corresponding to the short-chain signals present in the extract from UPM791mexAB were 

detected. Also, the cinRI-lacZ bioreporter was able to detect lower levels of the long-chain 

signal, such as those present in the UPM791mexAB mutant strain, and responded nicely to 

the increased levels derived from the complementation with the cloned genes (Fig. 52B). We 

conclude that this system is a better bioreporter strain for the detection of long-chain AHLs. 

 

3.5.5. mexAB-oprM expression analysis in Rlv UPM791 

 

In order to determine whether mexAB-oprM efflux pump could be regulated by the cin 

system, we examined expression of mexA gene by qRT-PCR in Rlv UPM791, UPM791.1, and in 

their derivative strains containing a disruption in the cinRIS QS system (Fig. 49). In these 

experiments, we found that the expression of this gene was not affected by the elimination of 

the cinRIS system in the wild type strain UPM791. This result indicates that expression of the 

pump is not dependent on the presence of one of the potential substrates identified in the 

previous paragraph. Interestingly, expression of this gene was significantly increased (ca. 3-

fold) in the Rlv strain lacking the pUPM791d plasmid. In this genetic background the deletion 

of cinRIS induced a 2.4-fold increase on mexA expression. These data suggest that the cin 

system, either directly or indirectly, is repressing the expression of mex system in the absence 

of pUPM791d. 

 

Figure 54. qRT-PCR analysis of mexA gene expression The 

relative expression is calculated as the fold change in gene 

expression on each of the indicated strains compared to that in 

strain Rlv UPM791. Gene expression was measured at late 

exponential phase. Data are the average of three replicates. 
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Effect of mexA on the expression of QS mutants showed that this efflux pump was ideed 

involved in the export of 3-OH-C14:1-HSL, we wanted to test whether the elimination of this 

system might affect expression of rhi or cin systems. To perform this analysis, reporter gene 

fusions to rhiI’, cinI’ and cinRI’ genes were introduced into the UPM791mexAB mutant, and 

β–galactosidase activity was determined along the different growth phases of the cultures.  

 

 

Figure 55. Expression analysis for cinI, rhiI and cinRIS in Rlv UPM791 and Rlv UPM791.1 strains. β–

galactosidase activity (Miller units) induced by each reporter fusions were calculated along the different growth 

phases of the cultures. The growth of the control strain being tested is represented in the right axis. Error bars 

represent SD. 

 

As shown in Fig. 50, the deletion of mexAB system resulted in increased expression of rhiI’-

lacZ and cinI’-lacZ fusions, being more pronounced at the final stages of growth, were the 

autoinducers are produced in higher quantities. This increase of cinI and rhiI activity in the 

DmexAB mutant might be due to a biggest amount of intracellular levels of 3-OH-C14:1-HSL 

AHL. In contrast, the cinRI’-lacZ fusion induced lower levels of β–galactosidase expression as a 

result of inactivation of mexAB-oprM system compared to the wild type strain.  

 

3.5.6. Global scheme for QS regulation in Rlv UPM791 

 

In the light of these results, we have shown that cinR acts over the rhiRI system. This 

pSym-located QS system is responsible for the symbiotically defective phenotype. TraI 

synthase is functional in Rlv UPM791, being potentially involved in the production of AHLs of 

intermediate size, as it does RhiI. 
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 Figure 55. Model for regulation of the QS systems identified in Rlv UPM791. Plasmids are 

represented with their corresponding names and the QS, being pSym plasmid pUPM791c. AHLs 

produced by each system are also indicated. Positive feedback by RhiI and CinI-made AHLs on these 

synthases is also shown. traR is a pseudogene.  

 

It still remains unkown the genetic determinant located in plasmid pUPM791d, 

responsible for the differences found between Rlv UPM791 and Rlv UPM791.1, influencing 

both QS systems. Finally, mexAB-oprM homologue found in this strains seems to be involved in 

AHL efflux, modifying rhiI and cinI expression when is disrupted. 
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4.1. Genome-wide analysis of quorum sensing systems in Rhizobium leguminosarum 

 

Genomic approaches are being recently used to define and understand the involvement of 

bacteria in the symbiotic interaction with their respective hosts. The genome sequences of 

model symbiotic rhizobial species like Sinorhizobium meliloti (Galibert et al. 2001), Rhizobium 

leguminosarum bv. viciae (Young et al. 2006), Rhizobium etli (Gonzalez et al. 2006), 

Mesorhizobium loti (Kaneko et al. 2000) or Bradyrhizobium japonicum (Kaneko et al. 2002) 

have been achieved, providing new insights into these symbiotic interactions. The genomic 

structure of these species varies considerably. One of the characteristics of rhizobial genomes 

is the presence of multiple plasmids, especially in fast-growing symbionts, which is the case of 

Rlv UPM791. In this strain 5 different extra-chromosomal replicons have been detected in the 

genome. These multipartite genomes are often associated with species that encounter a host, 

increasing their adaptive potential by extending their metabolic and symbiotic capabilities 

(MacLean et al. 2007). For this reason, soil-dwelling species tend to have large genomes with 

extra-crhomosomal DNA, allowing them to adjust to survival as free-living cells in the soil, or 

associated with their symbiotic partners (Bentley and Parkhill 2004). Rhizobia seem to have 

evolved by means of horizontal gene transfer and gene duplication events (Gonzalez et al. 

2006). This could explain why the plasmids from Rlv UPM791 seem to have different origins, 

in some cases (as for pUPM791e) closer to other plasmids found in different biovars, than to 

plasmids present in their closest relatives (Rlv 3841 in this case).  

Extra-chromosomal DNA represents an important source of variability among strains, 

whereas the chromosome is highly conserved. This is the case of the symbiotic plasmid, which 

cluster the symbiotically relevant genes in rhizobia (Downie and Young 2001). When 

pUPM791c from Rlv UPM791, pRL10, from Rlv 3841; pR132501 Rlt WSM1325; and pRLG201 

from Rlt WSM2304 have been compared in this work, it has been shown that, although all of 

them harbor the genes required for nodulation and nitrogen fixation, most of their sequences 

are completely different. This was also observed in a recent study when the sequences of the 

symbiotic plasmids from 14 different rhizobial strains were compared (Black et al. 2012). In 

this study, little homology was detected among them, despite having similar nod, nif and fix 

clusters. Accordingly, genetic organization regarding the nodulation genes in Rlv UPM791 is 

highly conserved with that from Rlv 3841, both strains having the same host range. . These 

differences were also reported when comparing M. loti MAFF303099 and S. meliloti 1021 

genomes, when despite their taxonomic relatedness, they differed significantly in gene 
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content and organization (Galibert et al. 2001). M. loti symbiotic island contained genes with 

no ortholog in S. meliloti genome, besides the nodulation and nitrogen fixation genes. It has 

been suggested that the symbiotic and nitrogen fixing abilities of these bacteria have been 

acquired through evolution after multiple lateral transfer events (Black et al. 2012). 

Rhizobial genomes appear to be highly dynamic, as reflected by the presence of a high 

number of insertion sequence (IS) elements and transposases (MacLean et al. 2007). In Rlv 

UPM791 genome this fact has been observed in the case of plasmid pUPM791d, equivalent to 

pRL7 from Rlv 3841, which contains repeated sequences and mobile elements making difficult 

its closure. This may be due to the accessory nature of many of the genes located in these 

genomic regions, which have been suggested to offer potential sites for recombination 

(Mavingui et al. 2002). pRL7 is very different from the rest of the Rlv 3841 genome, with more 

than 80% of its genes being foreign genes and/or genes of unknown function and even 31 

pseudogenes. Among these genes, 28% encoded transposases (Young et al. 2006).  

 The presence of IS elements and repeated DNA sequences also allow conintegration 

events  (Mavingui et al. 2002). This might be the case for plasmid pUPM791e, which seems to 

be a cointegrate of plasmids pR132504 and pR132505 from Rl bv. trifolii WSM1325. The 

cointegration of S. meliloti megaplasmids with the chromosome had been previously reported 

(Guo et al. 2003). These phenomena have been also demonstrated between the symbiotic 

plasmid of Sinorhizobium sp. NGR234 with its chromosome, and also with its megaplasmid 

(Flores et al. 2000).  

Regarding large plasmids or megaplasmids, it has been recently proposed the term 

“chromid” to group all those replicons that have a nucleotide composition and codon usage 

similar to that from the chromosome, have a plasmid-type replication system, and carry 

essential genes, being additionally larger than the accompanying plasmids (Harrison et al. 

2010). These characteristics exactly described the largest plasmid in Rlv UPM791, pUPM791a, 

with 1.3 Mb. This replicon is the largest secondary replicon in the genome. It has been 

suggested that the biological role for these chromids is enabling the bacterium to have a 

larger genome, maintaining the chromosome small, thus allowing it to maintain shorter 

generation times. This would be the case of fast-growing rhizobia, like Rhizobium and 

Sinorhizobium, both harboring chromids, whereas Mesorhizobium and Bradyrhizobium, which 

do not have such replicons, grow slower in free-living culture (Harrison et al. 2010). The gene 

content of pUPM791a needs deeper analysis, to see whether it is an accessory or is an 

essential part of Rlv UPM791 genome. The difficulty to obtain a derivative strain cured on this 
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plasmid in the laboratory suggests its relevance for bacterial viability. A similar situation has 

been observed for plasmid pUPM791b, highly related to plasmid pRL11 from Rlv 3841. These 

plasmids seem to have a high degree of conservation among Rl strains, as it has been also 

previously reported the homology among pRL11, pRLG202 from Rlt WSM2304,  pR132502  

from Rlt WSM1325, and even p42e from R. etli CFN42,  suggesting  that they might carry 

essential metabolic genes (Black et al. 2012). The last one was considered as secondary 

chromosome in R. etli, as it is a highly stable replicon imposible to eliminate for its 

participation in primary metabolism (Landeta et al. 2011). One of the characteristics of these 

highly conserved plasmids in rhizobia, also including pA from R. etli CIAT652 (Landeta et al. 

2011) is the presence of the minCDE operon. The products of these genes are involved in the 

accurate localization of the division site of the cell, leading to septum formation (Landeta et al. 

2011). This cluster is also present in the megaplasmid pNGR234b from Rhizobium sp. NGR234 

(Schmeisser et al. 2009) and in plasmid pUPM791b, suggesting that this plasmid is also 

essential in Rlv UPM791. 

Rhizobia are known to be rich in ABC transporters (Young et al. 2006). While 816 ABC 

genes were identified in Rlv 3841, in the case of Rlv UPM791 783 transport and binding 

proteins have been found, which predicts a wide range of substrates to be taken up. These 

proteins appear to be widely distributed in Rlv 3841 genome, being especially abundant on 

plasmids pRL12, pRL10 and pRL9. The number of predicted proteins with regulatory 

functions is also high (608 proteins), which is consistent with such large genomes, given that 

all the metabolic pathways should be tightly regulated (Young et al. 2006). Concerning 

symbiotic determinants, the 13 nod genes involved in nodulation are clustered on plasmid 

pUPM791c, showing the same structure than they have in pRL10, with the rhiIABCR genes 

nearby this nod cluster along with the genes required for nitrogen fixation (nif genes). 

Rhizobia must survive within the legume nodule, but also in the heterogeneous environment 

of the soil, which might explain the high metabolic burden and versatility of their genomes. 

The accessory genome present in the rhizobial genomes sequenced to date might be related to 

their lifestyle, conferring adaptability to different ecological niches (Young et al. 2006). 

 

Comparative genomics represents a valuable tool for capturing specificities and 

generalities of each genome. When compared with its closest relative, UPM791 has some 

features that are distinct from Rlv 3841. For example, the pSym-borne hup system for 

hydrogen uptake is only present in Rlv UPM791, whereas the T6SS is absent in this strain and 
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present in pRL12 from Rlv 3841 (Young et al. 2006). There is also a T4SS tra/trb conjugative 

system in both strains, present in the symbiotic plasmid. As it happens in pUPM791c, this 

T4SS is adjacent to the repABC genes of the pSym in several Rhizobium strains, such as pRL10 

for Rlv 3841 (Young et al. 2006), pRtrCIAT899a from Rhizobium tropici CIAT 899, and 

pPRF81b from Rhizobium sp. PRF81 (Ormeno-Orrillo et al. 2012). All these plasmids also 

contain traI and traR, suggesting a QS-dependent regulation. This system has also been 

located in the symbiosis island of M. loti, indicating the potential transmission of the symbiotic 

island (Kaneko et al. 2000). Other protein secretion systems such as T3SS, responsible for 

producing nodulation outer proteins (Nops), was reported in M. loti, B. japonicum and 

Rhizobium sp. NGR234 (Kaneko et al. 2000; Kaneko et al. 2002; Schmeisser et al. 2009), but 

seems to be absent in R. leguminosarum strains.  

 

Regarding the presence of intercellular communication systems in Rlv UPM791, the cinRI 

and rhiRI had been previously reported (Cantero 2005), as well as the traI synthase and the 

truncated regulator traR. Disrupted traR genes had already been reported, as it is the case for 

trlR (traR-like regulator) in A. tumefaciens and traR from R. tropici CIAT 899(Ormeno-Orrillo 

et al. 2012). In the case of Rlv UPM791 traR, a frameshift mutation has been found in the 

autoinducer binding domain. Conversely trlR mutation is located in the DNA-binding domain, 

making this protein still able to bind AHLs and preventing TraR activity in this bacterium, thus 

inhibiting conjugation (Chai et al. 2001). In the case of CIAT 899 traR, an insertion element is 

located upstream this gene, disrupting its promoter (Ormeno-Orrillo et al. 2012).  With the 

genome available, it was possible to make a search for transcriptional regulators of the LuxR-

type, finding three additional proteins potentially involved in QS. Their similarity to NesR 

orphan LuxR from S. meliloti (Patankar and Gonzalez 2009) and to ExpR from Rlv 3841 and S. 

meliloti (Edwards et al. 2009; Gurich and Gonzalez 2009) suggest their implication in the QS 

regulation circuits of Rlv UPM791. Further work is needed to uncertain the role of this 

proteins in Rlv UPM791.  

 

The QS systems described in Rlv UPM791 were shown to be functional by TLC analysis, 

reporting the production of signals molecules which co-migrated with standard AHLs 

corresponding to C6-HSL, C8-HSL and C14-HSL (Cantero 2005). By means of a HPLC-MS 

analysis, the presence C6-HSL and C8-HSL was confirmed, and additionally we detected the 

production of C7-HSL, which had not been previously reported in Rlv UPM791. With the 
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extracts from different strains varying in the plasmid content, these small signals could be 

attributed to the rhiRI system located in the symbiotic plasmid, as it was the case for the Rl 

A34 and 3841 strains. Regarding the largest signal observed by TLC, it has been confirmed in 

this work that it corresponds to the bacteriocin small, 3-OH-C14:1-HSL (Schripsema et al. 

1996), produced by the cinRIS system. Consequently, these signals are the ones described for 

the rhiRI and cinRIS systems in Rl A34 and Rlv 3841. Since some AHLs of similar size are 

revealed by TLC in extracts from rhiI–deficient mutants, it cannot be discarded the presence 

of other signals such as 3-oxo-C8-HSL produced by traI (Danino et al. 2003), whose 

corresponding LuxR regulator is truncated in Rlv UPM791, as previously mentioned. HPLC-MS 

has proved to be a more effective technique to identify AHLs than the detection by TLC 

analysis overlaid with a bioreporter strain (Gould et al. 2006). The sensitivity of this approach 

has led to the identification of new signals, as well as to the precise characterization of the 

ones previously reported. This approach could improve the inherent detection bias of 

bioassays, which rely on the particular specificity of the reporter strain and its detection 

range for AHLs. HPLC-MS is based on the physical and chemical properties of these 

compounds, as well as their retention times, allowing a more precise analysis.  

 
 
4.2. Evaluation of the effect of AHLs on competitiveness for nodulation 

 

To evaluate the potential role of AHLs in competitiveness among different Rhizobium 

strains, a proper marker system was needed to distinguish the strains been tested, both in 

free-living cultures and in symbiosis. In this work, a fusion PCR-based procedure has been set 

up to generate isogenic strains labeled with two different markers integrated in the genome of 

Rlv strains UPM791 and 3841. This method had been previously described as simple and valid 

to attach long flanking regions to any selectable marker cassette just by amplifying first the 

marker gene and then, the 5’ and 3’ regions of a target gene for the insertion, linking the three 

fragments by means of tagged primers that overlap in a fusion PCR (Kuwayama et al. 2002; 

Cha-aim et al. 2009).  

The insertion of the marker genes by double recombination has several advantages. First 

of all, it avoids potential variations in competitiveness that could occur when using random 

insertions of minitransposons (Sessitsch et al. 1996). The election of the insertion sites used 

in this work also avoids differences in the behaviour of the bacterium due to the disruption of 

functional genes (Selbitschka et al. 1992) Furthermore, we have shown that growth was not 
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impaired in any of the derivative strains. In addition, by inserting a single copy into the 

genome of the strains tested, the marker genes are not overexpressed as a result of high 

plasmid copy number (Sessitsch et al. 1998), and problems due to plasmid instability during 

symbiosis (Corich et al. 2001) should not occur.  

The combination of gusA and celB marker genes had proved to be an advantageous 

method for precisely scoring nodules coming from differentially labeled strains, also allowing 

the identification of nodules with double infection events. This procedure was applied 

previously in determinate nodules from Phaseolus vulgaris  (Sessitsch et al. 1996), and now it 

has been shown for indeterminate nodules from Pisum sativum. The selected markers have 

several advantages: in case of the gusA, the lack of background activity in plants, the absence 

of activity in a wide range of Gram(-) bacteria, and the variety of available substrates  (Wilson 

et al. 1995); for celB, the main advantage is the possibility to thermally inactivate endogenous 

enzyme activity (Sessitsch et al. 1996). All these advantages, along with the simple staining 

procedure applicable to whole root systems make the use of both gusA and celB marker genes 

adequate for rhizobial competition studies. 

We have applied the two-marker system to compare the competitiveness for legume 

nodulation of the two strains (Rlv UPM791 and 3841). The competitive ability of an inoculant 

strain is a major factor determining the success of rhizobial inoculation (Sessitsch et al. 1998). 

Both Rlv UPM791 and 3841 strains are considered as efficient symbionts for pea (Leyva et al. 

1987; Oresnik et al. 1999), but no previous analysis of their relative competitiveness was 

available. Competitiveness index had been defined as the relationship between the percentage 

of nodule occupancy and the representation in the inoculum (Sessitsch et al., 1997). The 

results obtained suggest that Rlv UPM791 may be better adapted to multiplication in the same 

environment, thus ensuring successful nodule occupancy (Yates et al. 2011).  

The isogenic pairs of strains generated in this work allow efficient estimation of relative 

competitiveness by incorporating either specific mutations in genes of interest, or additional 

plasmid–based traits. Also, they allow simultaneous testing of two strains, differing in a 

specific character vs. a native population. The use of this system will allow the selection of 

traits relevant for competitiveness, a key aspect in the development of rhizobial inoculants.  

 

The relevance of genes involved in the initial steps of the symbiotic process, such as genes 

for motility, cell surface characteristics or exopolysacharide synthesis, has been recently 

reviewd (Yates et al. 2011), and some of these traits are subjected to QS control. As rhizobia 
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accumulate around the plant’s roots and root hairs, the rise in rhizobial cell density and 

biofilm formation (Downie 2010) leads to subsequently higher concentrations of AHLs, 

implying, in some cases, an intact QS regulation for a successful nodulation outcome. This is 

the case, for example, of R. etli (Daniels et al. 2002), S. meliloti (Marketon et al. 2003) or M. 

thiansanense (Zheng et al. 2006). In a comparative proteomic analysis carried out in our group 

(Cantero et al. 2006), it had been shown that this QQ strategy affected 1.7% of the 

polypeptides of Rlv UPM791 carrying aiiA compared to pME6000. These strains were also 

tested on peas, and since no effect was observed for root colonization, it was suggested a 

potential role in nodulation competitiveness during an early nodulation stage (Cantero 2005). 

With the gusA- and celB-labeled strains available, the effect of AHL signals was analyzed in 

detail through this aiiA-based QQ approach. No clear effect of AHL disruption on nodulation 

competitiveness was observed for Rlv UPM791 or Rlv 3841 derivative strains but the low 

stability of the plasmid under symbiotic conditions compromised the significance of the 

results obtained. A similar QQ strategy was followed in S. meliloti, where the aiiA lactonase 

expression was able to inactivate all AHLs regardless of the length of the acyl chain (Gao et al. 

2007). These authors also found 60 proteins that were differentially expressed between the 

wild-type strain and its derivative carrying the plasmid pLAFR3 aiiA in early stationary 

cultures. Contrary to our results, this plasmid was retained when bacteria were recovered 

from nodules elicited by the AiiA-producing strain and the corresponding strain carrying the 

vector control. In that work the authors observed a lower rate of nodule initiation formed by 

the AiiA-producing strain during the first 12h after inoculation of Medicago truncatula plants, 

whereas no significant differences were observed in the number of nodules which were 

formed afterwards suggesting a transient effect (Gao et al. 2007). In the case of pME6863, no 

previous studies had used it under symbiotic conditions. Following the high instability in 

symbiosis, a different strategy is required in symbiosis. A possible alternative would be the 

genomic integration of the aiiA gene in Rlv UPM791. In any case, this is not the first time that 

QQ does not have a clear impact on biological processes regulated by QS. In the case of 

Burkholderia glumae SL2376, aiiA-expressing strains significantly reduced the production of 

AHLs, but it did not affect virulence on rice, neither the production of the phytopathogenic 

factor toxoflavin. It was suggested that even low levels of AHLs were sufficiently active, 

making QQ an ineffective method for the control of rice diseases (Park et al. 2010). 

In many cases, however, QQ is a promising strategy to control bacterial infections 

(Romero et al. 2012). It has been proved that aiiA is able to inhibit virulence of E. carotovora 
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in several crops by inactivating the release of AHLs (Dong et al. 2000) and, when expressed in 

PGPRs such as Pseudomonas fluorescens, enhances the protection against E. carotovora in 

potato, or A. tumefaciens in tomato (Molina et al. 2003).  

 

 
4.3. Effect of RhiRI Quorum Sensing system on symbiotic performance of Rhizobium 

leguminosarum bv. viciae UPM791.  

 

In this part of the Thesis work we have generated deletion mutants affecting the RhiRI QS 

system and analyzed the phenotype of such mutants under free-living and symbiotic 

conditions. A first analysis showed that the UPM791 mutant derivative carrying a deletion of 

the gene for AHL synthase RhiI still showed some short-chain AHL signals (C6-C8). Analysis of 

the genome had revealed that UPM791 contains traI, a pSym-located gene encoding a LuxI-

like synthase able to synthesize short-chain AHLs (C6 through C8). Although traR, encoding 

the corresponding LuxR-like regulator, is inactivated in this strain due to a frameshift, it is 

possible that a low level expression of traI, induced by RhiR or other LuxR-like regulator, may 

account for the presence of the AHLs detected in the Rlv UPM791rhiI mutant.  

Deletion of rhiR in Rlv UPM791.1 had an effect on AHL production stronger than the same 

deletion in Rlv UPM791. This could be explained if RhiR influenced the expression of a gene 

present in another locus involved in AHL production of the same characteristics. As 

previously mentioned, taking into account that in Rlv UPM791 traR is disrupted, it would lead 

traI-made AHLs, which are redundant with those produced by RhiI, to be under the control of 

RhiR regulator.  

Apart from AHL production, one of the phenotypes associated to QS regulation is biofilm 

formation. Particularly in rhizobia, biofilm formation has an important biological relevance.  

In the rhizosphere, biofilm structures are usually formed in the area surrounding plant roots, 

known to be rich in nutrients, thus favoring the multiplication of bacteria (Rinaudi and 

Giordano 2010). For example, in Mesorhizobium huakuii, QS plays an important role in biofilm 

formation and attachment. In this bacterium thinner biofilms are formed when A. tumefaciens 

TraR is overexpressed. This effect is due to the competitive binding of TraR to the rhizobia 

AHLs (Wang et al. 2004). Another rhizobial LuxR-like regulator, S. meliloti ExpR, has also been 

found to control biofilm formation, regulating succinoglycan production (Gao et al. 2005). In 

Rlv UPM791 biofilm formation does not seem to be impaired in strains with rhiRI mutations. 

However, a significant difference in the levels of biofilm formation has been found related to 
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the presence of pUPM791d, which increase these levels. A plasmid-dependent biofilm 

phenotype was previously observed in this strain, when a pSym-cured strain was compared 

with the wild type. Such pSym-deficient strain showed a significant reduction in biofilm 

formation ability, thus suggesting that factors encoded by the Sym plasmid were required for 

Rlv UPM791 biofilm formation (Fujishige et al. 2006). Based in our results we can hypothesize 

that pUPM791d also encodes factors controlling the formation of biofilm.  

A main finding in this work is the discovery of the relevant effect of rhiRI system for the 

establishment of efficient symbiosis in the case of UPM791. In general QS systems are not 

important per se but because of the functions they coordinate. In the case of R. leguminosarum 

UPM791 we have no specific information on the regulon regulated by rhi system. A proteomic 

study in R. leguminosarum UPM791 identified RhiA as a major protein that disappeared as a 

result of AHL removal by lactonase AiiA (Cantero et al. 2006). In other R. leguminosarum 

strains, the only genes known to have a rhiR-dependent regulation are the rhiABC genes, 

located immediately downstream of rhiI in the symbiotic plasmid, not far away form genes for 

nodulation and nitrogen fixation genes. rhiA encodes one of the most abundantly expressed 

proteins in the rhizosphere and free-living cultures in stationary phase, although not in 

bacteroids, but whose function is still unknown This protein is unique to R. leguminosarum bv. 

viciae, suggesting a host-specific role in the interaction of this bacterium with its symbiotic 

partners (Wisniewski-Dye and Downie 2002). In previous studies, this rhiABC operon was 

found under the positive control of the regulator rhiR, the first luxR-type gene identified in R. 

leguminosarum (Cubo et al. 1992). RhiR regulated its cognate AHL synthase, rhiI (Rodelas et 

al., 1999), which is also positively autoregulated. The AHLs produced by rhiI are C6-HSL, C7-

HSL and C8-HSL (Wisniewski-Dyé and Downie, 2002). We have demonstrated that the same 

signals are also produced by rhiI in Rlv UPM791. As previously reported by Cantero (2005), 

rhi genes in Rlv UPM791 were not located within the same genetic structure as in A34 and 

3841 strains. With the Rlv UPM791 genome available, it has been able to find the rhi genes 

placed between the nodulation genes (as in these strains), and the genes for the hydrogenase 

uptake system (hup/hyp genes). This difference is due to an insertion element (ISSpo6) 

located just between these genes and the rhi genes, which suggests a foreign origin for the 

hydrogenase system, as it is not present in any of the other R. leguminosarum strains analyzed. 

However, the results of this work show a different QS regulation and role for this system. One 

of the differences compared to strain A34 relates to the signals produced by rhiI; some of 

these signals (C6-HSL) were redundant with those produced in A34 by the fourth synthase, 
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raiI,. However this synthase is absent in Rlv UPM791, and the only redundancy could be 

related with the potential AHLs produced by traI, which seems to be functional despite having 

a truncated cognate LuxR-regulator protein. The fact that mutation of rhiI and rhiR in Rlv 

UPM791 reduced, but not abolished, the production of the low molecular weight AHL signals 

synthesized by Rlv UPM791 implied that traI synthase is functional in this strain, as the 

signals described for traI in previous Rlv strains are found in the same carbon range as the 

rhiI-made AHLs (Wisniewski-Dye et al. 2002).  

It was reported in a previous study that the nodulation ability of a R. leguminosarum rhiI 

mutant was not significantly impaired on peas. The only phenotypical variation reported was 

a slight increase in the total number of nodules (Rodelas et al., 1999). A negative effect of this 

mutation on nodulation was observed in an already compromised strain that lacked the 

nodulation genes nodFEL. Mutation of rhiA or rhiR in this strain resulted in further decreasing 

of the level of nodulation (Cubo et al., 1992). In R. etli, which possesses  raiRI and cinRI 

systems similar to those described in strain Rl A34 (Wisniewski-Dyé and Downie, 2002), a 

raiR mutant showed no differences, whereas a raiI mutant inoculated onto beans doubled the 

number of nodules compared to the wild type, although nitrogen fixing activity was not 

affected. It was suggested that raiI was involved in the restriction of nodule number 

(Rosemeyer et al., 1998). In R. leguminosarum this phenotype was not observed (Wisniewski-

Dyé et al., 2002). Despite this raiRI system is not present in our strain, it has been observed a 

deficient nodulation ability in both rhiI and rhiR mutations in Rlv UPM791. This unexpected 

phenotype was even stronger when pUPM791d was absent (strain UPM791.1). Yellowish 

plants with defective white nodules unable to fix nitrogen where observed in rhiRI mutant 

strains, leading to a significant decrease of shoot dry weight which was recovered after the 

corresponding complementation assays. This symbiotic defective phenotype was independent 

to the experimental conditions, as when previously studied R. leguminosarum A34 and 3841 

strains were tested in our laboratory conditions, no different phenotype from that previously 

reported was observed (Rodelas et al., 1999; Sanchez-Contreras et al., 2007). Moreover, when 

nodule occupancy was analyzed, it was seen that infected cells showed an unorganized 

structure of bacteroids, explaining the nitrogen-fixation deficiency in these mutants.  

Symbiotic analysis in different hosts has revealed a host-specific effect of the mutations on 

the rhiRI system. This effect is more pronounced in pea plants, as rhiI mutations had no effect 

in the other two hosts, at least in genomic backgrounds that include plasmid pUPM791d. In 
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fact, the defective symbiotic phenotype of Rlv UPM791rhiI appears to be restricted to pea 

plants. In the case of mutants in Rlv UPM791.1, where the defect in nodulation is more severe, 

rhiI-disrupted mutant had the same effect in pea and vetch plants, whereas lentil appears not 

to require this gene for normal nodulation. This effect is likely specific for UPM791, since rhiI 

deficient mutants of Rlv strains A34 and 3841 behaved as the wild type when inoculated onto 

vetch and lentil (data not shown). It is clear that strain UPM791.1 the presence of a functional 

rhiR is essential for normal symbiosis in all three hosts tested, suggesting that the LuxR-type 

regulator rhiR plays a fundamental role in the symbiotic association R. leguminosarum with its 

hosts, but only when plasmid UPM791d is absent. Further analysis of the genetic 

determinants located in this plasmid is required to ascertain the molecular basis for this 

effect. The effect of host on the expression of bacterial traits has been studied for a reduced 

number of cases. In R. leguminosarum, expression of hydrogenase system able to recycle the 

hydrogen evolved by nitrogenase is subject to a strict host-dependent control, and this 

enzymatic activity is expressed in pea, but not in lentil nodules (López et al., 1983; Brito et al., 

2008). It is clear that different plants provide different chemical environments for the 

rhizobial cells and such differences might influence several aspects of the symbiotic 

interaction. 

These observations indicate that rhi genes are relevant for nodulation and nitrogen 

fixation in pea plants. The importance of rhiRI QS system has been reported in Rlv UPM791, 

although further experiments to determine which genes are under the control of this QS 

systems have to be addressed, as well as to unraveling the regulatory cascade for this QS 

genes. In addition, the function of rhiABC genes is still unknown, but Rlv UPM791 strain seems 

to be a good system to study their role. It has been described that rhiA and rhiB are likely 

cytoplasmic proteins, whereas rhiC is proposed to be a periplasmic protein, as it has been 

reported to be able to cross the inner membrane of the cell. It may have a role in nutrient 

acquisition, characteristic of many periplasmic proteins, or in the utilization of some specific 

substrate secreted by the legumes nodulated by R. leguminosarum bv viciae (Cubo et al., 

1992). These genes are potential candidates to explain the differences observed when vetch, 

lentil and pea have been tested with rhiRI mutants in Rlv UPM791.  
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4.4. Effect of CinRIS Quorum Sensing system in Rhizobium leguminosarum UPM791 

 

The cinRI system was first described in the strain Rl 8401. In this strain cinI is controlled 

by cinR and its cognate AHL 3-OH-C14:1-HSL in a cell-density manner (Wisniewski-Dyé and 

Downie, 2002). Mutations in either cinI or cinR abolished the production of 3-OH-C14:1-HSL, 

reducing also the production of the other signals. This defective AHL-production phenotype 

has also been observed in different cinRIS gene mutations in Rlv UPM791. Furthermore, we 

observed that mutant carrying a deletion in the gene for cinI synthase had lost all the low 

molecular weight AHLs.  

The finding that cinI deletion results in the loss of symbiotic plasmid also explains this 

phenotype, since the two synthases producing short-chain AHLs (RhiI and TraI) are encoded 

in this plasmid. The fact that these signals were still observed when cinR was disrupted in the 

complete cinRIS deletion mutant suggested that CinR was a transcriptional regulator 

repressing the rhiRI system. cinI mutation resulted in a entirely defective strain in the 

synthesis of R. leguminosarum autoinducers. cinS mutant showed same variations in the AHL 

profile as regarding the wild type. cinS mutant in strain 8401 also produced normal levels of 

CinI-made AHL signal 3-OH-C14:1-HSL (Edwards et al., 2009).  

The lack of effect of cinS on AHL production might be explained by the absence of raiRI 

system in Rl UPM791. In other strains, raiRI QS is regulated by cinS (Edwards et al., 2009). The 

same cinS mutation originates a similar AHL profile in the Rlv UPM791.1 background, lacking 

the 3-OH-C14:1-HSL, as all its derivatives maintain C6-HSL, C7-HSL and C8-HSL production. In 

this background cinS imitation was associated to the same AHL signals as in 791cinS. 

Growing root tissues shows higher rates of exudation into the soil, leading to an increase 

in the local concentration of nutrients in the rhizosphere. Thus, as the model proposed by 

Rinaudi and Giordano (2010), upon attachment to legume root hairs, bacterial cells, attracted 

by nutrients, divide and differentiate forming a three-dimensional structure or biofilm. This 

process requires AHL production, exopolysachariedes and lipopolysaccharides. EPS plays an 

important role in biofilm development, and EPS-defective mutants are impaired in nodule cell 

invasion and nitrogen fixation. To assess the attachment ability by cinRIS mutants, biofilm 

formation was quantified by crystal violet binding to microtiter wells. The results obtained for 

cinRIS mutants showed an increase in biofilm levels in Rlv UPM791. As in the case of rhi 

mutants, Rlv UPM791.1 showed overall higher values of biofilm formation, and these were 

unaffected by mutations in the cin genes. Despite being an uncommon effect, increased values 
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in biofilm formation had also been observed previously when disrupting the cinRIS system in 

R. leguminosarum 8401. However, this effect was mediated by the orphan LuxR-regulator 

named ExpR (also present in Rlv UPM791 genome) and the small protein CinS, coexpressed 

with cinI (Edwards et al., 2009). Mutation in either expR or cinS caused an enhanced 

attachment to glass surfaces. This effect was found to be due to plyB exopolysaccahride 

glycanase, which was regulated by these two genes. However, mutation of UPM791cinS did 

not reveal significant changes regarding biofilm formation. 

No relevant symbiotic deficiencies had been observed in cin mutants previously generated 

in other R. leguminosarum strains. It has to be noted, however, that cinI and cinR mutations in 

R. etli resulted in a lower acetylene reduction activity compared to the wild type. 

Furthermore, symbiosomes carrying cinI mutant bacteroids were unable to fully differentiate 

(Daniels et al., 2002). Although the shoot dry weight accumulation was significantly affected 

in the 791.1cinRIS mutant, this strain was able to produce green plants with red nitrogen-

fixing nodules. In contrast, Rlv UPM791cinRIS showed a notorious defective phenotype 

rendering to yellowish plants and white and ineffective nodules. Only after introduction of a 

full-length copy of cinRIS complete QS system the ability to form effective nodules on pea 

roots had been rescued. However, no complementation for the Rlv UPM791ΔcinI strain could 

be achieved. Again, this lack of complementation fits well with the observed loss of symbiotic 

plasmid. Defective phenotypes for nodulating their corresponding host plants had only been 

observed in Mesorhizobium huakii and M. thiansanense, indicating a crucial role of QS during 

the host-bacterium interaction. In both cases, nodulation ability was completely abolished 

(Zheng et al., 2006; Gao et al., 2006). In the light of the results obtained in this work, QS is also 

involved in symbiosis in Rlv UPM791.  

As for rhi mutants, root nodule development was also analyzed in the cinRIS mutants using 

confocal microscopy. In these mutants, bacteria were able to form nodules on pea roots but 

these nodules were ineffective, indicating an arrested process in bacteroid differentiation 

previous to nitrogen fixation, and a disorganized infected cell structure was observed. 

Branched and elongated bacteroid shapes were observed in wild type cells, whereas it was 

not the case for ΔcinRIS mutant, containing mostly undifferentiated rhizobial cells. This fact 

indicated that this mutant was affected in a fundamental process of nodule formation.  

Previous work had demonstrated that cinI and cinR mutants in other R. leguminosarum 

strains had normal growth and nodulation ability (Lithgow et al., 2000), and only subtle 

phenotypic changes, potentially related to survival and growth in soil, rhizosphere or in 
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planta, were proposed to happen in these mutants (Sánchez-Contreras et al., 2007). In the 

case of UPM791cinRIS mutant, only white and inefficient nodules were also obtained in pea 

and vetch plants, whereas lentil plants produced a few red nodules, with an organized 

structure regarding infected cells and differentiated bacteroids able to fix nitrogen. This 

indicated that lentil plants were less restrictive or that QS played a less relevant role in this 

host.  

cinRIS appears to be at the top of R. leguminosarum A34 regulatory cascade, influencing 

the rest of AHL-regulated QS loci present in this bacterium (Wisniewski-Dyé and Downie, 

2002). Mutations in cinI or cinR has been shown to reduce the expression of all other LuxI-

type synthase genes (Sanchez-Contreras et al., 2007), thus acting as an overall switch 

influencing many aspects of rhizobial physiology. This has shown to be the case for cinI in Rlv 

UPM791, which not only lacks a complete AHL production profile, including those AHLs 

produced by rhiI and traI, but also is unable to induce nodule formation with any of the host 

described for R. leguminosarum bv viciae. To explain this phenotype, several experiments 

assaying symbiotic-related processes were carried out. In first place, nodulating-gene-

inducing flavonoids were tested in liquid cultures in order to study their possible growth 

inhibition for cinI mutant. These signalling molecules promote the formation of nodules by 

endosymbiotic bacteria (Maj et al., 2010). 3-OH-C14:1-HSL was thought to be involved in 

limiting excessive bacterial growth around root hairs during host infection. This rhizobial 

ΔcinI mutant was grown in the presence of root exudates and commercial naringenin, and no 

effect on their growth rates was observed. Analysis of root hair attachment indicted that cinI 

mutant was probably affected in the previous steps of the symbiotic process. As this behavior 

was equivalent to a non-symbiotic strain, the presence of pSym plasmid was checked. 

Surprisingly, both pSym and pUPM791d were lost maintained in this mutant strain, 

suggesting a relevant role of cinRIS QS system in plasmid replication or stability. QS has been 

found to mediate rhizobial conjugation systems (type I conjugation system) (Pinto et al, 

2012). This phenomenon was first studied in A. tumefaciens transfer of pTi plasmid, which 

shown to be under the control of TraR and 3-oxo-C8-HSL signal (White and Winans, 2007). 

Transcriptional activation of repABC genes by TraR-C8-HSL complex has also been reported in 

R. leguminosarum pRLIJ1 plasmid (Wilkinson et al., 2002; Danino et al., 2003). tra/trb genes 

are regulated via QS and nutritional factors (opines) in A. tumefaciens, while in the case of 

pRL1JI, it seems that these genes are regulated by the master regulatory system cinRI 

(Wisniewski-Dyé and Downie, 2002). Additionally, homologues of traI and traR en strain Rlv 
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3841 are also found on plasmids pRL7 and pRL8, although their role in plasmid transfer has 

not been reported (Sanchez-Contreras et al., 2007). As it happens in pTi and pRL1JI plasmids, 

both pUPM791c and pUPM791d harbors repABC plasmid replication genes located close to 

putative tra/trb genes, potentially involved in DNA transfer. Mutation of cinI might lead to 

transfer of these plasmids regardless of the number of recipient cells or loss of plasmid 

maintenance in a vertical transmission. In R. leguminosarum A34 strain plasmid transfer was 

induced by the LuxR-orphan regulator BisR (Wilkinson et al., 2002). As in Rlv 3841, where no 

equivalent genes were found on the pRL10 symbiotic plasmid, bisR is also absent in the 

genome of Rlv UPM791, indicating a different mode of plasmid transfer regulation. In M. loti 

strain R7A the role of QS in the excision of the symbiotic island has also been reported: it is 

mediated by TraR in conjunction with 3-oxo-C6-HSL, through the expression of two 

neighboring genes msi172 and msi171 (Ramsay et al., 2009; Ramsay et al., 2013). Whereas 

explaining why complementation is impossible and the symbiotic phenotype so drastic, 

further analyses are needed to unveil the role of cin genes on the stability of plasmids in Rlv 

UPM791, as the advantage of having plasmid replication under the control of the cin system is 

not apparent. 

 

A complex regulatory network involving four QS systems has been described in 

previous studies carried out with R. leguminosarum. Although differing in the presence of 

these QS systems, in all the strains analyzed, cinRI appears to be widespread in R. 

leguminosarum and is always found at the top of a regulatory cascade, influencing the rest 

of AHL-based QS systems present in the bacterium (Lithgow et al., 2000). Furthermore, 3-

OH-C14:1-HSL appears to be the major signal in the supernatant of Rl cultures, being 

produced over a much longer period of culture growth than the other AHLs, that are 

synthesized at distinct temporal patterns (Blosser-Middleton and Gray, 2001).  

cinR and cinI were described as different transcriptional units in Rl A34 (Lithgow et al., 

2000). In the case of Rlv UPM791, both cinR and cinI genes also have independent 

promoters, and these two promoters show different patterns of expression. As deduced from 

the analysis of a lacZ fusions, cinR is constitutively expressed at relatively low level (ca. 

600 M.u.) through the growth phases, and also in R. etli (Daniels et al., 2001); in contrast, 

the level of UPM791 cinI expression increased during exponential growth, reaching the 

highest levels once the culture enters stationary phase, a QS-dependent pattern similar to 
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that described for a cinI’-lacZ in Rl 8401 (Lithgow et al., 2000). This same pattern is also 

observed for rhiI in both strains (xx and this work). The presence of additional copies of 

CinR, provided as an extra gene in fusion pMPCL6,  originated a marked increase on the 

level of induction of cinI, a situation similar to that described for Rl A34 (Lithgow et al., 

2000).  

Rlv UPM791 appears to have a QS hierarchical system, in which rhiRI expression is 

dependent on cinRIS. When the cin system is disrupted, expression of rhiI and rhiR 

drastically decrease. The dependency of a functional cinRIS system had been observed 

previously, in the strain A34, where cinRI influences the three AHL-regulated QS loci. This 

finding was established after the analysis of rhiI-lacZ (Lithgow et al., 2000), rai-lacZ 

(Wisniewski-Dyé et al., 2002) and traI-lacZ (Danino et al., 2003) fusions. Additionally, 

mutations of cinI or cinR, not only abolished the production of 3-OH-C14:1-HSL but also 

reduced the production of short-chain AHLs in Rl strains 8401 and A34 (Lithgow et al., 

2000). In response to the interaction with the short chain AHLs made by RhiI, rhiR induces 

both rhiI and the rhiABC operon. Thus, cin mutations also affect the levels of expression of 

rhiI and rhiA genes due to an indirect regulation mediated by the signals produced by the 

rhiRI system, which are also decreased (Rodelas et al., 1999; Wisniewski-Dyé and Downie, 

2002). 

Previous studies in R. leguminosarum have shown that the cinI-dependent 3-OH-C14:1-

HSL can also induce traI (Wilkinson et al., 2002). TraRI QS system is involved in the 

transfer of the symbiotic plasmid pRL1JI, a process induced by 3-OH-C14:1-HSL signal 

produced by potential recipient strains. Mutations on the genes encoding LuxR-like 

regulators TriR or  BisR abolished plasmid transfer in Rl A34 (Wilkinson et al., 2002; 

Danino et al., 2003). Despite the fact that Rlv UPM791 traR is inactivated by a frameshift, 

traI synthase is expressed in this strain, according to the results of qRT-PCR analysis. This 

analysis also revealed that traI expression is not affected by cinRIS deletion. Furthermore, 

traI is likely responsible for the synthesis that low-molecular-weight AHL signals detected 

in the rhiI-deficient derivative of Rlv UPM791, although further experimentation with tra-

deficient mutants will be required to have a formal proof of this point. Mutations on traR 

caused a loss of the sensitive phenotype to the “small bacteriocin” (Wilkinson et al., 2002). 

This phenotype was associated to the presence of bisR and triR in R. leguminosarum A34 
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(Wilkinson et al., 2002). We have found that strain UPM791 and different plasmid-cured 

derivatives of this strain are not sensitive to 3-OH-C14:1-HSL (our unpublished results). The 

frameshift mutation in Rlv UPM791 TraR and the lack of bisR could explain why this strain 

is resistant to 3-OH-C14:1-HSL despite carrying the Sym plasmid (Cantero, 2005). 

cinS gene is required for rhiR and raiR induction in A34 (Edwards et al., 2009). It was 

shown afterwards that CinS acts as an anti-repressor, displacing the repressor PraR from the 

promoter of both genes, thus inducing their expression (Frederix et al., 2011). The available 

evidence indicates that a similar situation could exist in Rlv UPM791. A gene highly 

similar to praR is present in the genome of this strain (UPM791_347); furthermore, the 

AHL profile of the cinS mutant is different that that from the wild-type strain, and similar 

to that of the rhiI mutant strain, strongly suggesting that cinS indeed is required to induce 

rhiI expression in Rlv UPM791. Further structural analysis of the AHL signals and 

expression studies in these mutants are required to ascertain this possibility.  

Although the potential role of cinS might be in some aspects similar to that described in 

Rlv 3841, differences between both strains also exist. Biofilm formation activity is 

unaffected by the cinS mutation in UPM791, whereas a strong increase in this activity was 

observed when a similar mutation was produced in the Rlv 3841 background (Frederix et 

al., 2011).  

 

LuxR-orphan regulators, such as ExpR, have been reported to be involved in the 

regulatory cascade able to repress the transcription of PraR (Frederix et al., 2011; Edwards 

et al., 2009). Rlv UPM791 harbors two potential ExpR candidates that might constitute 

additional components of this regulatory network. The presence of several LuxR-orphan 

regulators seems to be a common them in this bacterial species, since also other strains, 

such as Rlv 3841 present several LuxR-type regulators that are not associated with a LuxI-

type synthase (Crossman et al., 2008). 

 

Rhizobium strains often contain multiple large plasmids, which usually encode diverse 

QS systems responsible for the production of different AHLs (Rodelas et al., 1999). In Rlv 

UPM791, plasmid content determines the phenotypes observed for the QS mutants, as 

rhiRI mutations are more severe in Rlv UPM791.1 derivative, but cinRIS disruption causes 
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more dramatic effects in the Rlv UPM791 background. This difference seems to be linked 

to the presence of pUPM791d, which may harbor a genetic determinant that controls the 

chromosomically located cinRIS system. The sequence of this plasmid could not be 

completely assembled due to the presence of multiple sequences for transposases and 

integrases. This “trash DNA” was also described in the case of Rlv 3841 plasmid pRL7 

(Young et al., 2006), genetically related to pUPM791d. Although we have not been able to 

identify such genetic determinant, it looks like whatever is present in this plasmid, other 

determinants outside the plasmid are also required to explained the observed effect on cinI-

dependent pSym stability, since introduction of pUPM791d into A34cinI strain did not 

affect its symbiotic performance. Such genetic determinant could the differential factor 

explaining the differences observed in the regulation and symbiotic phenotypes for Rlv 

UPM791 compared to the previously studied Rhizobium leguminosarum strains. Anti-

regulator systems such as that from cinS in A34 strain constitute a mechanism to modulate 

the QS response (Frederix et al., 2011). This effect has also been observed in P. aeruginosa 

with QscR and QteE (Chugani et al., 2001; Sehnel et al., 2010), or in A. tumefaciens with 

TraM and TrlR, which prevent the induction of traR (Fuqua et al., 1995; Chai et al., 2001). 

In R. leguminosarum, BisR (absent in Rlv 3841 and UPM791) represses the transcription of 

cinI, thus inhibiting 3-OH-C14:1-HSL production (Wilkinson et al., 2003), and TraM 

inhibits the expression of traI (Danino et al., 2003). This interaction with the LuxR-type 

regulators or their cognate synthases could be the potential role for this unknown genetic 

determinant.  

It is not clear whether the cin system is really at the top of the hierarchical QS 

regulation. The strong decrease on cinI expression in strains lacking pUPM791d suggests 

the presence of cinI-regulating factors encoded in this plasmid. Also, the cinRI locus could 

be regulated by environmental factor via a global regulator, as it has been shown in P. 

aeruginosa with RpoS (Whiteley et al., 2000). In R. etli the transcriptional regulator RosR 

has shown to affect the expression of about 50 genes (Bittinger and Handelsman 2000), 

whereas in R. leguminosarum also affects several processes, such as exopolysaccharide 

production, motility and attachment and colonization of root hairs, forming nodules unable 

to fix nitrogen (Janczarek et al., 2010). It seems that cinR expression is regulated by some 

factor which may not be related to QS (Lithgow et al., 2000). Among the environmental 
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factors that have been shown to affect the expression of QS systems and their target genes 

are nutrient and oxygen availability, temperature, pH, osmolarity and redox state (reviewed 

by Frederix and Downie, 2011).  

 

Target genes potentially regulated via QS in Rhizobium spp seems to encode functions 

necessary for both free-living and symbiotic states, which may be involved in bacterial fitness 

and survival, and in root colonization (Wisniewsky and Downie, 2002). Among these genes, 

rhiA gene is transcribed at the end of the exponential growth phase, as expected for an AHL 

regulated protein (Schripsema et al., 1996). Despite no direct induction with 3-OH-C14:1-HSL 

has been observed, rhiA responds to C6-HSL, but also showed low levels of induction with C8-

HSL, 3-OH-C6-HSL or 3-OH-C8-HSL. rhiA is expressed by bacteria in the rhizosphere and in 

stationary-phase laboratory cultures, but not by nitrogen-fixing bacteria in nodules (Dibb et 

al., 1984). However, no role has been established in either symbiosis neither in free-living 

growth conditions, as no effect on nodulation or symbiotic nitrogen fixation has been 

observed when interrupting rhiA by transposon insertions (Dibb et al., 1984). In addition, rhiA 

transcription requires rhiR (Economou et al., 1989), although mutations of rhiI had little effect 

on rhiI and rhiA expression in the A34 strain, what indicated that rhiI absence is compensated 

by another QS system present in this strain (Rodelas et al., 1999). However, in Rlv UPM791, 

rhiA is one of the main candidates to further analyze, as cinRIS and rhiRI are the only 

functional systems in this bacterium that are complete, and RhiA has been shown as QS-

dependent in a quorum quenching approach carried out in this bacterium (Cantero et al., 

2006).  

All these QS systems are connected via a hierarchical cascade and allow a coordinated 

response. Rlv UPM791 data confirms that regarding QS regulatory systems, no two 

independent isolates have the same complement of QS genes (Sanchez-Contreras et al., 

2007), and regulate different physiological processes since the genes regulated by QS can 

be highly diverse.  

 

An additional layer of complexity for the QS system in R. leguminosarum is related to the 

plant host. Plants also may interfere with bacterial QS systems, modifying the behavior of 

plant-associated bacteria (Wisniewski-Dyé and Downie, 2002). This effect would explain the 

differential symbiotic phenotypes observed for the QS mutants in Rlv UPM791 when infecting 

pea, vetch and lentil plants. As root nodules are formed under conditions of nitrogen 
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starvation and other growth limitations, the study of gene transcription AHL-regulated in 

Rhizobium might lead to the identification of factors involved in environmental adaptation 

and successful symbiosis mediated that optimizes the interaction with their corresponding 

hosts and enhances nitrogen fixation (Schripsema et al., 1996; Sanchez-Contreras et al., 2007). 

It has been shown that Medicago truncatula is able to respond to the presence of minute 

amounts of AHL signals and induce significant changes in the accumulation of over 150 

proteins (Mathesius et al, 2003). More recently, Bai et al (2012) have shown that 3-O-C10-HSL 

is able to regulate auxin-induced adventitious root formation in mungbean. Such effects are 

expected to have specific receptors for AHL signals. Differences in these receptors might be 

responsible for the observed variable phenotypes in different hosts. These results suggest the 

possibility of a new level of signal interchange in the molecular dialogue between rhizobia and 

legumes, a model on prokaryotic-eukaryotic interaction with still many new surprises ahead.  

 

 
4.5. Secretion of 3-OH-C14:1-HSL in Rhizobium leguminosarum UPM791 
 

QS system is based on the production of AHL signals by the corresponding LuxI-type 

synthase, which are released to the surrounding milieu. These signals are recognized by the 

corresponding transcriptional regulator LuxR-type, which acts in concert with its cognate AHL 

upon its re-entry into the cell, where it activates target genes in response to a raise in the 

bacterial cell density (Evans et al., 1998). In agreement with previous studies carried out with 

3-oxo-C6-HSL in E. coli and V. fischeri cells, which show that this signal diffused freely across 

the cell membrane, it was assumed that all AHLs worked in the same way. However, the 

detailed work for P. aeruginosa AHLs demonstrated that C4-HSL behaved as 3-oxo-C6-HSL, 

whereas 3-oxo-C12-HSL needed an transport efflux system (Pearson et al., 1998; Evans et al., 

1998). The presence of an AHL active efflux system in rhizobia, which are known for their 

long-chain AHLs, had not been addressed to date.  

The availability of the genome sequence allowed us to search for genes homologous to the 

already characterized system MexAB-OprM of P. aeruginosa. The MexAB-OprM found is 

encoded in the chromosome and widely conserved among other rhizobial genomes. The 

deletion of the genes mexA and mexB resulted in a marked decreased in the presence of the 

long-chain AHL 3-OH-C14:1-HSL in the supernatant as determined by TLC analysis. This data 

was later confirmed by UHPLC-MS analysis. Furthermore, the mutant strain could be 

complemented with plasmid pBmex containing the wild-type mexAB-oprM operon on a 
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multicopy plasmid, which highly increased the presence of 3-OH-C14:1-HSL in the supernatant. 

The observed reduction on extracellular level of 3-OH-C14:1-HSL of the mexAB-deficient 

muntant suggest that signal should accumulate inside Rlv UPM791 cells previously for P. 

aeruginosa (Pearson et al 1999), but we did not detect higher levels of AHL in the pellet 

fraction of the mexAB-deficient strain. This might be due either to the instability of AHLs 

within the cell or to technical problems in the extraction of the signals from the particulate 

fraction.   

 

A further aspect involved in the complex QS regulatory cascade developed in this work is 

the export of long AHL signals. We have shown that the activity of the mexAB-oprM efflux 

system also seems to modulate the QS regulatory cascade in Rlv UPM791. When this efflux 

system is disrupted, rhiI’-lacZ and cinI’-lacZ expression increase significantly compared to the 

wild type, potentially due to the intracellular levels of accumulated AHLs. This observation is 

consistent with the hypothesis that MexAB-OprM is needed by R. leguminosarum to export 

long-chain AHLs. It has also been observed in this work that when cinRIS system is mutated in 

a strain lacking plasmid pUPM791d this pump is overexpressed, indicating than in this 

UPM791 derivative the cinRIS QS may be repressing this efflux system. As it happens in P. 

aeruginosa, overexpression of the efflux pump could limit AHL accumulation, thus 

compromising the subsequent activation of target genes (Evans et al., 1998; Kohler et al., 

2001). Despite being crucial for the regulation of the QS present in the bacterium, 3-OH-C14:1-

HSL seems to be dispensable for effective nodule formation both in R. leguminosarum (van 

Brussel et al., 1985; Lithgow et al., 2000), although in R. etli is needed to complete bacteroid 

differentiation (Daniels et al., 2001). 

 

As previously mentioned, AHLs released by bacterial cells in a population accumulates in 

the extracellular environment, diffusing back into the cell to stimulate the expression of QS-

dependent genes. Whereas AHL accumulation within the cell, due to the interruption of the 

efflux system, should speed up subsequent activation of target genes (Evans et al. 1998), 

including also cinI synthase in Rlv UPM791, as its expression is 3-OH-C14:1-HSL–dependent; 

the increased expression of MexAB-OprM would compromise this signal re-entry, also 

modifying the cellular processes QS-regulated. This regulation was suggested in P. aeruginosa, 

where despite pyocyanin biosynthesis appears to be controlled by the RhlRI QS system, 

hierarchically regulated by LasRI, any reduction in 3-oxo-C12-HSL would be expected to 
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decrease pyocyanin levels (Evans et al. 1998). Related efflux pumps, such as MexEF-OprN, 

controls virulence factors like pyocyanin and rhamnolipid, as well as swarming ability, and all 

of them are rhl-dependent in P. aeruginosa. Their reduced production in a strain 

overexpressing this pump is due to a decreased rhlI transcription compared to the wild type 

strain levels (Köhler et al., 2001). In this study, MexEF-OprN was shown to also affect the 

intracellular levels of the hydrophobic signalling molecule PQS. This effect was due to the 

export of PQS precursor HHQ (4.hydroxy-2-heptylquinoline) (Lamarche and Déziel, 2011).  

Apart from P. aeruginosa, the role of multidrug efflux pumps in bacterial QS has also been 

studied in Burkholderia pseudomallei, which synthesizes C8-HSL and C10-HSL through the LuxI-

type synthase BpsI. In this bacterium, BpeAB-OprB is related to QS and virulence, as the 

inhibition of this pump resulted in virulence attenuation due to the inhibition of QS. bspI 

expression was abolished in the bpeAB-null mutant, whose AHL production was undetectable 

(Chan and Chua, 2005). 

The MexAB-OprM transport system identified in R. leguminosarum is likely specific for 

long-chain AHLs, since its mutation does not affect the exit of low molecular weight signals C6-

HSL, C7-HSL, C8-HSL from the cell. This was also observed with C4-HSL accumulation in P. 

aeruginosa (Pearson et al., 1998). MexAB-OprM transporter seems to be specific for more 

hydrophobic molecules needing an active transport to cross the cell membrane. It has recently 

been reported in P. aeruginosa that specificity of MexAB-OprM for long-chain AHLs 

constitutes but a regulation mechanism of QS in this bacterium with controls the accessibility 

of non-cognate AHLs to the LasR transcriptional regulator (Minagawa et al., 2012), thus 

filtering the “language” coming from exogenous AHLs produced by other bacteria and 

regulating cell to cell communication in mixed bacterial populations. 

This is the first report of an efflux system for the small bacteriocin of R. leguminosarum. 

We still have no data on whether the regulation of this system might be also dependent on QS 

circuits, and further analysis is needed to explore whether the putative MexR encoded in the 

same Rlv UPM791 gene cluster actually regulates mexAB-oprM expresion. This protein has 

been described in P. aeruginosa as a transcriptional repressor that keeps expression of this 

operon at a low constitutive level (Köhler et al., 2001).  Burkholderia pseudomallei, BpeAB-

OprB pump also harbours a divergently transcribed bpeR repressor protein, member of the 

TetR repressor family. QS could be inhibited by the overexpression of bepR, as no signals were 

detected in this strain (Chan and Chua, 2005). bpeAB mutant and this bpeR-overexpressing 
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strain were both defective in the extracellular secretion of AHLs, but no in their intracellular 

synthesis (Chan et al., 2007).  

Related to the lack of symbiotic effect in the mexAB mutant, 3-OH-C14:1-HSL signalling 

molecule had been previously found to be dispensable for root nodule formation in R. 

leguminosarum. Furthermore HPLC-MS analysis has revealed that the extracellular extracts 

from mexAB mutant still contain some 3-OH-C14:1-HSL. In other R. leguminosarum strains Tn-5 

mutants lacking the small bacteriocin production induced normal nodules able to fix nitrogen 

(van Brussel et al., 1985). Lithgow and co-workers (2000) confirmed this result with a cinI 

mutant, which still retained the ability to nodulate both pea and vetch hosts. However, the 

phenotype of the R. leguminosarum cinI mutant described in this thesis is clearly different, and 

indicates a relevant role for the cin system. It is possible that, even at lower levels, 3-OH-C14:1-

HSL signal diffused out of the cell in the absence of the RND efflux are essential for symbiotic 

development. 

In this work, plasmid pIJ9149, with a cinRI´-lacZ fusion carrying cinR, has been been found 

to be a sensitive reporter for 3-OH-C14:1-HSL detection. Although A. tumefaciens NT1 (pZRL4) 

is known to be a bioreporter with a broad range of AHL detection (Steindler and Venturi, 

2007), the sensitivity towards long-chain AHLs such as 3-OH-C14:1-HSL is weak. pIJ9149 

plasmid showed a greatest sensitivity specific for this signal, as the E. coli strain used was 

unable to produce AHLs but induced β-galactosidase activity associated to the presence of 3-

OH-C14:1-HSL by its cognate receptor cinR cloned in this plasmid. Thus, Bl21 (pIJ9149) is 

particularly well suited for 3-OH-C14:1-HSL detection by TLC analysis and will be a useful tool 

for the analysis of long-chain AHLs from rhizobia. 

 
 
 
 
 
 



 

 

 

 
 
 
 
 
 



 

149 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 5: CONCLUSIONS 

 

 
 
 
 



 

150 

 

 
  



                                                                                                             Chapter 5: Conclusions 

139 

 

 
1. The Rlv UPM791 genome has been sequenced. It contains 7.79 Mb organized in a 

chromosome (4.75 Mb) and 5 different extrachromosomal replicons of 1.3 

(pUPM791a), 0.6 (pUPM791b), 0.56 (pUPM791e), 0.4 (pUPM791c) and an estimated 

size of 0.18 (pUPM791d) kb. Genomic comparison revealed a ca. 80% conservation 

between Rlv 3841 and Rl bv trifolii strains WSM1325 and WSM2304. Among these 

replicons, the symbiotic plasmid showed a lower degree of conservation, indicating a 

different origin for this plasmid in these four strains.  

 

2. Analysis of Rlv UPM791 sequence showed that, in addition to the already described 

cinR and rhiR, three additional luxR-orphan like regulators were present, two encoded 

in the chromosome and one encoded in the plasmid pUPM791e.  

 

3.  Rlv UPM791 AHL signals C6-HSL, C7-HSL, C8-HSL, produced by rhiI, and 3-OH-C14:1-HSL, 

produced by cinI have been chemically characterized by mass spectrometry. 

 

4.  Two isogenic pairs of R. leguminosarum strains carrying a double-marker system have 

been generated. These strains allow efficient estimation of relative competitiveness 

for nodulation in this endosymbiotic bacterium.  

 

5. The plasmid pME6863, encoding an AiiA lactonase, is highly instable in R. 

leguminosarum under symbiotic conditions. Thus, it is not a suitable tool to study the 

role of AHL signals during the Rhizobium-legume symbiosis.  

 

6. Analysis of mutants deficient in rhiI revealed that this AHL synthase is required for 

normal symbiotic performance of R. leguminosarum UPM791 in a host-dependent 

manner. The LuxR-like regulator RhiR is also essential for symbiosis, but only in the 

absence of plasmid pUPM791d.  

 

7. Deletion of AHL synthase cinI in R. leguminosarum UPM791 resulted in the loss of the 

capacity to nodulate legume plants by loss of the symbiotic plasmid; in contrast 

deletion of the whole cinRIS cluster results in a Nod+Fix- phenotype. These deficient 

phenotypes were not observed in a derivative strain lacking plasmid pUPM791d.  
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8. R. leguminosarum cinI is expressed from its own promoter, located downstream of cinR 

in the Rlv UPM791 chromosome. cinI is expressed in the absence of pUPM791d, 

suggesting a post-transcriptional control of 3-OH-C14:1-HSL by a genetic determinant 

dependent on plasmid pUPM791d.  

 

9. An RND-type efflux system that facilitates the export 3-OH-C14:1-HSL QS signals has 

been identified in R. leguminosarum.  

 

10. Mutation of cinI or cinRIS strongly reduces the level of expression of rhiI, indicating a 

hierarchical complex regulatory network for quorum sensing in Rlv UPM791. 
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6.1. Biological Material 
 
6.1.1. Bacteria and plasmids 
 

   Strains and plasmids used in this work are listed in Tables 1 and 2, respectively.  

 
Table 9. Bacterial strainsa 

 

Strain or plasmid Genotype or relevant characteristic(s) Source or reference 

Escherichia coli   

DH5 recA1 endA1 gyrA96 thi hsdRl7 supE44 relA1 

(lacZYA-argF)U169 (80lacZM15) deoR 

phoA 

Hanahan, 1983; Bethesda 

Research Laboratories 

S17.1 thi pro hsdR hsdM+ recA RP4::2-Tc::Mu-Kan::T7; 

Spr Smr 

Simon et al. 1983 

JM109(pSB1075) AHL biosensor strain / lasRI’::luxCDABE, Apr Winson et al. 1998 

Agrobacterium tumefaciens  

NT1(pZLR4) 
AHL biosensor strain producing β-
galactosidase activity in the presence of 
exogenous AHLs; traR, traG::lacZ, Gmr 

Cha et al. 1998 

GMI9023 Strr, Rifr , cured of pTi  M. Megías 

Rhizobium leguminosarum bv. viciae 

128C53 WT strain, Nod+  Fix+  Hup+ Ruiz-Argüeso et al. 1978 

UPM791 128C53 Strr; Nod+  Fix+  Hup+ Leyva et al., 1987 

UPM791gusA UPM791 derivative carrying gusA marker gene This work 

UPM791celB UPM791 derivative carrying celB marker gene This work 

3841 WT, Strr derivative of R. leguminosarum 300 Johnston & Beringer, 1975 

3841gusA 3841 derivative carrying gusA marker gene This work 

3841celB 3841 derivative carrying celB marker gene This work 

UPM791.0 

 

128C53.0; UPM791 derivative, lacking 

symbiotic plasmid (pUPM791c) and plasmid 

pUPM791d 

Leyva et al. 1987 

 

UPM791.1 
128C53.1; UPM791 derivative, lacking plasmid 

pUPM791d 
Leyva et al. 1987 

UPM791.5 
128C53.5; UPM791 derivative, lacking 

symbiotic plasmid (pUPM791c)  
Leyva et al. 1987 

UPM1253 UPM791cinRIS,  Spr This work 
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Table 9. Bacterial strainsa (continuation)  
 

Strain or plasmid Genotype or relevant characteristic(s) Source or reference 

   

UPM1252 UPM791cinI, Spr This work 

UPM791cinS UPM791 cinS::pK18mobsacB; Kanr  This work 

UPM1257 UPM791cinI cinS::pK18mobsacB; Kanr, Spr  This work 

UPM1254 UPM791cinIrhiI, Spr, Tcr This work 

UPM1256 UPM791rhiR, Spr This work 

UPM1255 UPM791rhiI, Tcr This work 

UPM1259 UPM791.1 cinRIS, Spr This work 

UPM1258 UPM791.1 cinI, Spr This work 

UPM791.1cinS UPM791.1 cinS:: pK18mobsacB; Kanr This work 

UPM1263 UPM791.1cinI cinS::pK18mobsacB; Kanr, Spr This work 

UPM1260 UPM791.1cinIrhiI, Spr, Tcr This work 

UPM1262 UPM791.1rhiR, Spr This work 

UPM1261 UPM791.1rhiI, Tcr This work 

A994 3841cinI::Tn5; Kanr Maria Sánchez-Contreras 

A850 3841rhiI::Tn5; Kanr Maria Sánchez-Contreras 

8401 WT Rl strain, lacking sym plasmid Lamb et al. 1982 

A34 8401/pRLJI1 Downie et al. 1983 

A664 A34cinI3::Sp Lithgow et al. 2000 

A721 A34rhiI15::Tn5; Kanr Rodelas et al. 1999 

UPM1264 UPM791mexAB, Spr This work 

 
a Abbreviations, Ap, ampicillin; Kan, kanamycin; Str, streptomycin; Tc, tetracycline; Gm, gentamicin, Sp, 
spectinomycin 
 
 

Table 10. Plasmidsa 
 

Plasmids Genotype or relevant characteristic(s) Source or reference 

pCAM110 

pAS111 

pCR2.1-TOPO 

mTn5A10(ptac::gusA,lacIq), Apr, Sm/Spr 

mTn5SScelB11(ptac::celB), Apr, Sm/Spr 

PCR product cloning vector; Apr, Kmr 

Wilson et al. 1995 

Sessitsch et al. 1996 

Invitrogen 
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Table 10. Plasmidsa (continuation) 

Plasmids Genotype or relevant characteristic(s) Source or reference 

HB101 (pRK2013)   Helper strain for plasmid mobilization; Mob+  
Tra+ Kmr 

Figurski and Helinski 1979 

HB101 (pRK2073)   Helper strain for plasmid mobilization; Mob+  
Tra+ Spr 

Figurski and Helinski 1979  

pTP791gusA pCR2.1-TOPO containing gusA marker flanked 
by Rlv UPM791 homology regions, Kmr 

This work 

pTP791celB pCR2.1-TOPO containing celB marker flanked 
by Rlv UPM791 homology regions, Kmr 

This work 

pTP3841gusA pCR2.1-TOPO containing gusA marker flanked 
by Rlv 3841 homology regions, Kmr 

This work 

pTP3841celB pCR2.1-TOPO containing celB marker flanked 
by Rlv 3841 homology regions, Kmr 

This work 

pK18mobsacB Integrative vector pUC18 derivative; lacZ mob 
site sacB, Kmr 

Schafer et al. 1994 

pK19mobsacB Integrative vector, pUC19 derivative lacZ mob 
site sacB, Kmr 

Schäfer et al, 1994 

pG18mob2 Integrative vector, pUC18 derivative lacZ mob 
site sacB, Gmr 

Kirchner and Tauch 2009 

pK791gusA pK18mobsacB carrying gusA marker flanked by 
Rlv UPM791 homology regions, Kmr 

This work 

pK791celB pK18mobsacB carrying celB marker flanked by 
Rlv UPM791 homology regions, Kmr 

This work 

pK3841gusA pK18mobsacB carrying gusA marker flanked by 
Rlv 3841 homology regions, Kmr 

This work 

pK3841celB pK18mobsacB carrying celB marker flanked by 
Rlv 3841 homology regions, Kmr 

This work 

pME6000 Broad-host-range cloning vector, Tcr Maurhofer et al. 1998 

pME6863 pME6000 carrying aiiA gene from Bacillus sp. 
A24 with constitutive Plac promoter, Tcr 

Reimmann et al. 2002 

pSS10 3.2 kb vector, carrying oriV and oriT; Spcr This laboratory 

pSUP202 Suicide vector, Cmr Apr, Tcr Simon et al. 1983 

pTPrhiR pCR2.1-TOPO containing rhiR construction 
for deletion of Rlv UPM79 rhiR; Kmr, Smr  

This work 

pTPrhiI pCR2.1-TOPO containing rhiI construction for 
deletion of Rlv UPM791 rhiI, Kmr, Tcr 

This work 

pTPrhiR pCR2.1-TOPO containing rhiR construction 
for deletion of Rlv UPM791 rhiR; Kmr, Spr 

This work 

pTPcinRIS pCR2.1-TOPO containing cinRIS construction 
for deletion of Rlv UPM791 cinRIS; Kmr, Smr 

This work 
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Table 10. Plasmidsa (continuation)   

Plasmids Genotype or relevant characteristic(s) Source or reference 

   

pTPcinI pCR2.1-TOPO containing cinI construction for 
deletion of Rlv UPM791 cinI; Kmr, Smr 

This work 

pTPcinS pCR2.1-TOPO containing an internal fragment 
of Rlv UPM791 cinS, Kmr 

This work 

pTPmexAB pCR2.1-TOPO containing mexAB construction 
for deletion of Rlv UPM791 mexAB; Kmr, Smr 

This work 

pK791rhiR pK18mobsacB carrying rhiR construction for 
deletion of Rlv UPM791 rhiR , Kmr, Smr 

This work 

pK791rhiI pK18mobsacB carrying rhiI construction for 
deletion of Rlv UPM791 rhiR, Kmr, Tcr 

This work 

pK791cinRIS pK18mobsacB carrying cinRIS construction 
for deletion of Rlv UPM791 cinRIS, Kmr, Smr 

This work 

pK791cinI pK18mobsacB carrying cinI construction for 
deletion of Rlv UPM791 cinI , Kmr, Smr 

This work 

pK791cinS pK18mobsacB containing an internal fragment 
of Rlv UPM791 cinS, Kmr 

This work 

pG791cinS pG18mob2 containing an internal fragment of 
Rlv UPM791 cinS , Kmr 

This work 

pK791mexAB pK18mobsacB containing an internal fragment 
of Rlv UPM791 mexAB, Kmr 

This work 

pHC60 Broad-host-range vector carrying GFP under 
the control of a constitutive lac promoter, Tcr 

Cheng and Walker 1998 

pBBR1-MCS5  Broad-host-range vector with a Plac promoter, 
Gmr 

Kovach et al. 1995 

pBrhiI  Rlv UPM791 rhiI cloned in pBBR1-MCS5, Gmr This work 

pBmex Rlv UPM791 mexAB-oprM cloned in pBBR1-
MCS5, Gmr 

This work 

pGrhiR Rlv UPM791 rhiR cloned in pG18mob2, Gmr This work 

pGcinRIS Rlv UPM791 cinRIS cloned in pG18mob2, Gmr This work 

pGcinIS Rlv UPM791 cinIS cloned in pG18mob2, Gmr This work 

pGcinI Rlv UPM791 cinI cloned in pG18mob2, Gmr This work 

pBBR1-MCS2  Broad-host-range vector with a Plac promoter, 
Kmr 

Kovach et al. 1995 

pIJ9577 traR in pBBR1-MCS2, Kmr A. Downie 

pMP220 Broad-host range lacZ expression vector, Tcr Spaink et al. 1987 



                                                                                             Chapter 6: Material and Methods 

147 

 

Table 10. Plasmidsa (continuation)   

Plasmids Genotype or relevant characteristic(s) Source or reference 

   

pIJ9607 cinRI’-lux fusion; Tcr A.Downie 

pIJ9149 CinRI’-lacZ fusion carrying cinR in pMP220; Tcr Lithgow et al. 2000 

pIJ9614 rhiA’-GFP fusion; Tcr A.Downie 

pMPRL3 rhiI'-lacZ fusion in pMP220; Tcr This work 

pMPCL1 cinR'-lacZ fusion in pMP220; Tcr This work 

pMPCL4 cinI'-lacZ fusion in pMP220; Tcr This work 

pMPCL6 cinRI'-lacZ fusion carrying cinR in pMP220; Tcr This work 

 
Ap, ampicillin; Km, kanamycin; Sp, spectinomycin; Str, streptomycin; Tc, tetracycline; Gm, gentamycin; 
Cm, chloramphenicol. 

 
 
6.1.2. Antibiotics, enzymes and reactives 
 

Antibiotics used in this work have been obtained from Sigma Chemical Co (St Louis, 

Missouri, EEUU) and Duchefa (Haarlem, The Netherlands). Stock solutions were prepared and 

stored as described by Sambrook and Russel (2001). 

Restriction enzymes and T4 ligase have been obtained from Roche Diagnostics GmbH 

(Mannheim, Alemania). Lysozyme, ribonuclease A and proteinase K came from Sigma-Aldrich 

Co. (St. Louis, Missouri, EEUU). Turbo DNA-free TM and SuperScript III Reverse Transcriptase 

enzymes came from Ambion® Life Technologies Ltd (Paisley, UK) and InvitrogenTM Life 

Technologies Ltd (Paisley, UK), respectively. These enzymes have been used according to the 

manufacturer’s instructions. RNA Protect Bacteria reagent came from Qiagen (Hilden, 

Germany). Power SYBR Green has been obtained from Applied Biosystems® Life 

Technologies Ltd (Paisley, UK). Other chemicals came from Merck (Darmstadt, Alemania), 

Sigma-Aldrich Co. (St. Louis, Missouri, EEUU), Serva Feinbiochemica (Heidelberg, Alemania), 

Panreac LifeSciences (Montplet & Esteban SA, Barcelona, Spain), BDH Prolabo (Leuven, 

Belgium) and Duchefa (Haarlem, The Netherlands). C-7 agarose was obtained from Pronadisa 

Hispalab (Madrid, Spain).  
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6.1.3. Growth conditions.  

 

Rhizobium leguminosarum bv. viciae (Rlv) cultures were grown at 28°C in the following 

media: yeast mannitol broth (YMB: yeast extract 0.4 g/l, mannitol 1 g/l, NaCl 0.1 g/l, K2HPO4 

0,5 g/l, MgSO4 0.2 g/l; pH 6,8; Vincent, 1970), tryptone-yeast extract (TY: yeast extract 3 g/l, 

tryptone 6 g/l, CaCl2 0.5 g/l.; Beringer 1974), acid minimal salts medium (AMS: glutamate 1.1 

g/l, mannitol 0.4 g/l, MgSO4.7H2O  0.5 g/l, NaCl 0.2 g/l,  MOPS 4.19 g/l, K2HPO4 0,087 g/l,  

CaCl2 0.005 g/l, FeSO4.7H2O 0.0012 g/l, Na2-EDTA 15 g/l, ZnSO4.7H2O 0.16 g/l, NaMoO4.2H2O 

0.2 g/l, H3BO3 0.25 g/l, MnSO4.4H2O 0.2 g/l, CuSO4.5H2O 0.02 g/l, CoCl2.6H2O 0.001 g/l, 

thiamine 1 mg/l, biotin 0.001 mg/l, D-(+)-pantothenic acid calcium salt 2 mg/l; pH 7.0; Poole 

et al. 1994), or Rhizobium minimal medium (Rmin: glutamate 1 g/l, mannitol 1 g/l, KH2PO4 

0,3 g/l, Na2HPO4 0,3 g/l, MgSO4.7H2O 0,1 g/l, CaCl2 50 mg/l, H3BO3 10 mg/l, ZnSO4.7H2O 1 

mg/l, FeCl3 1 mg/l CuSO4.5H20 0.5mg/l, MnCl2.4H20 0.5mg/l, NaMo04.2H20 0.1mg/l, thiamine 

1 g /ml, biotin 1 g/ml, D-(+)-pantothenic acid calcium salt 1 g/ml; pH 7.0; O´Gara and 

Shanmugam 1976) 

   Agrobacterium tumefaciens was grown in AB medium (K2HPO4 3 g/l, NaH2PO4 1 g/l, NH4Cl 1 

g/l, MgSO4.7H2O 0.3 g/l, KCl 0.15 g/l, CaCl2.2H2O 0.01g/l, FeSO4.7H2O 2.5 mg/l, mannitol 0.5%; 

Chilton et al. 1974) at 28°C.  

   Escherichia coli strains were grown in Luria-Bertani broth (LB: tryptone 10 g/l, yeast extract 

5 g/l, NaCl 5 g/l; Sambrook and Russell, 2001 Sambrook and Russell 2001) at 37°C.  

   Liquid cultures were grown in a rotary shaker at 200 rpm. Media for plating contained 1.5% 

agar unless otherwise specified. For selection of transformants and transconjugants, and for 

plasmid maintenance, media were supplemented with the appropriate antibiotics at the 

following concentrations: tetracycline, 5 μg/ml (10 μg/ml for E. coli strains); kanamycin, 50 

μg/ml; spectinomycin 50 μg/ml; gentamicin, 2 μg/ ml (5 μg/ ml for E. coli strains). For blue-

white screening of E. coli, X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was 

added to LB agar at 40 µg/ml. For blue screening of Rhizobium gusA-encoding strains, XglcA 

(5-bromo-4-chloro-3-indolyl-β-D-glucuronide) was added to agar plates at 40 µg/ml.  

   For the construction of growth curves, R. leguminosarum were first grown for three days on 

AMS liquid medium supplemented with the corresponding antibiotics, and cultures were then 

transferred to 100-

an starting OD600 ≈ 0.05. Strains were incubated with constant shaking in a Bioscreen C device 
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(Growth Curves Ltd.) at 28°C with measurement intervals of absorbance at 600 nm each 4h 

during 4 days, and assayed in triplicates. 

  Strains were preserved at -80°C, frozen in media supplemented with 20% glycerol. 

 

6.2. DNA and RNA manipulation techniques 

 

6.2.1. DNA extraction 

 

   Plasmid DNA preparations were obtained from E. coli cells carried out by standard protocols 

(Sambrook and Russell, 2001). When needed for sequencing or cloning, plasmid DNA was also 

obtained with the kit NucleoSpin Plasmid (Macherey-Nagel; Cultek) from exponential-phase 

cultures.  

   R. leguminosarum genomic DNA was extracted from cultures grown in TY using DNeasy 

Blood & Tissue Kit columns (QIAGEN Ltd.) for PCR amplifications or Southern hybridizations. 

For standard procedures, a faster DNA extraction was achieved through recovery of culture 

from a plate with a toothpick, followed by the addition of 20µl of a lysis solution (0.05M NaOH, 

0.25% SDS). The samples were incubated 15 min at 90°C, with a subsequent addition of 100µl 

of water and two sequential steps of centrifugation. The DNA was recovered from the 

supernatant.   

 

6.2.2. PCR amplification and electrophoresis. 

 

   Purified DNA (5 to 20 ng) was used as template for PCR amplifications. Standard PCR 

amplifications were carried out with Taq DNA Polymerase (Roche) in 25 µl total volume. For 

fusion PCR, all PCR reactions were carried out in 50 µl total volume with Expand High Fidelity 

PCR System kit (Roche) following the manufacturer’s instructions. Colony PCR was used as an 

alternative method for quick screen for plasmid inserts directly from E. coli colonies in 50 µl 

total volume, adding a small amount of a colony from a plate and performing an initial DNA 

denaturation of 5 min at 95°C for cell breakage. Following PCR amplification, unincorporated 

primers and dNTPs were removed either directly from PCR products or by gel electrophoresis 

followed by band purification using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, 

Cultek).  
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   The size of DNA fragments was checked by electrophoresis, using horizontal 1% agarose 

gels submerged in TBE buffer (Sambrook and Russell, 2001). DNA samples were prepared 

with 1/4 volume of loading buffer (glycerol 60 %, EDTA 20 mM, bromophenol blue 0,25%, 

ribonuclease A 20 U/ml). For samples of small size, orange G (Sigma) was added to the 

loading buffer instead of bromophenol blue. Gels were stained with ethidium bromide (1 

µg/ml). Fragment sizes were estimated by comparing their rates of migration to those from 

the reference pattern from Phage Lambda DNA Hind III digested (Roche) or commercial 100 

bp or 1kb DNA ladders (Nippon Genetics, Cultek). 

 

6.2.3. Cloning 

 

   Restriction enzyme digestions were carried out by standard protocols (Sambrook and 

Russell, 2001). When necessary, reactions were stopped by an incubation of 10 min at 65°C. 

Ligations were done with T4 DNA ligase (Roche) according to the manufacturer’s instructions.  

   Cloning of PCR products was done by using pCR™2.1-TOPO® vector from TOPO® TA 

Cloning® Kit (Invitrogen, Life Technologies), according to the manufacturer’s instructions. 

Addition of 3’ A-overhangs (20 min at 72°C in thermocycler) was needed after amplification 

with Expand High Fidelity PCR System kit (Roche).  

 

6.2.4. Plasmid transfer by transformation 

 

   Chemically competent cell from Escherichia coli DH5 or S17.1 were prepared according to 

the CaCl2 cell permeabilization method from Mandel and Higa (1970), modified by Dagert and 

Erlich (1979) or following the process described by Hanahan (1983). Subsequent 

transformation with plasmid DNA was achieved by heat-shock at 42°C, and selection for 

recombinant plasmids was carried out on LB plates supplemented with the corresponding 

antibiotics. 

   Electrocompetent Escherichia coli Mach1 cells were prepared following standard protocols 

(Sambrook and Russell, 2001). Plasmid DNA was introduced by electroporation using a 0.2 cm 

cuvette and a GenePulser (BTX Electro Cell Manipulator) set to: 25µF, 2.5 KV and 200 ohm. 

Transformants were selected on LB plates containing the appropriate antibiotics.  
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6.2.5. Plasmid transfer by mating 

 

   Plasmids were transferred to R. leguminosarum strains either by biparental conjugation 

using E. coli S17.1 (Simon et al., 1983)  as donor strain, or mobilized using pRK2013 or 

pRK2073 as helper plasmids (Figurski and Helinski, 1979) in a triparental mating. Donor, 

helper when needed, and recipient strains were incubated on filters of 0.22 µm for 6-12h at 

28°C on TY plates, according to the technique described by Palacios et al., (1988). Filters when 

then rinsed in 2 ml of sterile TY medium, and cells were plated into Rmin or into YMA plates 

supplemented with nitrofurantoin (5 µg/ml) to avoid E. coli growth, and with the 

corresponding antibiotics.   

 

6.2.6. Plasmid profile determination in Rhizobium 

 

   Plasmid content from R. leguminosarum UPM791 and derivative strains was determined by 

electrophoretic separation according to the technique described by Eckhardt et al. (1978) 

with some modifications (C. Rohde and B. Henze, 2011). Briefly, cells were precultured in 5ml 

of TY media for 48h and then, 500µl were transferred to the same volume of fresh TY medium 

and incubated for 8h. Cells were harvested with an OD600nm  0.2-0.4 and washed with 500 µl 

of a 0.3% sarkosyl cold solution. Pellet was suspended into 20 µl of freshly prepared lysis 

solution with 0.1 mg/ml of lysozyme and 10 μl/ml of RNAse A in buffer 1 (0.025 M Tris, pH 

8.0, 25% sucrose, 0.250 M EDTA, 7% Ficoll 400). The cell lysate was immediately loaded into 

a TBE/0.8% agarose gel with 1% SDS. 10 μl of an upper buffer (0.025 M Tris, pH8.0, 10% SDS, 

25% sucrose, 0.07% bromophenol blue) was added onto each well and after 15 min, low 

voltage was applied (2h at 10mA, followed by 12h at 40Ma). Gels were stained with ethidium 

bromide after the electrophoretic run.  

 

6.2.7. Nucleic acid hybridization 

 

DNA fragments from digestion of genomic or plasmid DNA with restriction enzymes were 

transferred to nylon filters following the method described by Southern (1975). Non-

radioactive DNA probes were prepared by PCR amplification with Digoxigenin (DIG)-11-dUTP 

(Roche Molecular Biochemicals, Mannheim, Germany) and a mix of hexanucleotides at a 40 
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µM final concentration. The double-stranded DNA probes were denatured at 100°C for 10 

min.  

Filters were prehybridized at 42°C for 1 h with hybridization buffer (NaCl 750 mM, 

sodium citrate 75 mM pH7.0, formamide 50% v/v, SDS 7%, sodium phosphate 50 mM pH 7.0, 

n-lauroilsarcosine 0.1% v/v). The labeled probe was then added and the filters were 

hybridized during 16h. Afterwards, filters were washed twice at 65°C for 15 min with WSI 

solution (NaCl 300 mM, sodium citrate 30 mM pH7.0, SDS 0.1%), once with WSII (NaCl 15 

mM, sodium citrate 0.3 mM pH 7.0, SDS 0.1%) at 42°C for 15 min, and finally, three times with 

B1 solution (Tris-HCl 100mM pH7.5, NaCl 150 mM) at room temperature for 5 min. Filters 

were then incubated with an alkaline phosphatase-conjugated anti-antibody, followed by an 

incubation with the alkaline phosphatase chemiluminescent substrate, CSPD. Hybridizing 

bands were visualized using DIG Luminescent Detection Kit as described by the manufacturer 

(Roche Molecular Biochemicals, Mannheim, Germany). After exposing a Kodak 

autoradiography film during 1-2h at room temperature, the film was developed with a 

GP1000 Tabletop Processor (AGFA).  

 

6.2.8. DNA sequencing and analysis 

 

 Primer design was carried out using Oligo 4.0 software (Molecular Biology Insights, Inc., 

Cascade, Colorado, USA) in the case of regular primers, and Primer3 (Rozen and Skaletsky 

2000) was used for RT-PCR primers. DNA sequencing was used to confirm the correct 

sequence of plasmids and PCR fragments. Sequencing reactions were carried out at Secugen 

(Madrid, Spain) or Macrogen (Seoul, Korea). Sequence data were analyzed using the 

SequencherTM 4.1 software (Gene Codes Corporation, Ann Arbor, Michigan, USA). 

 Nucleotide and protein database searches were done using BLAST (Basic Local Alignment 

Search Tool; Altschul et al. 1990) at NCBI, RhizoBase or UniProt public databases. 

 

6.2.9. Bacterial RNA isolation 

 

For RNA preparation, Rhizobium leguminosarum bv. viciae cells were pre-grown in 5ml of 

YMB, diluted into a flask with 10ml of standard TY medium, and incubated for 24 h at 28°C, 

until they reached an OD600nm  0.7 – 1.0. Cells were harvested from 5 ml of culture by 

centrifugation, resuspended in 500 µl of TE buffer, and RNA was stabilized with RNA Protect 
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Bacteria reagent (Qiagen). Cells were processed according to the method described by J. 

Gonzalez (personal communication). Briefly, pellets were immediately frozen in liquid 

nitrogen and total RNA was isolated with the RNeasy Minikit (Qiagen), according to 

manufacturer’s instructions. Contaminating DNA was removed with Turbo DNA-freeTM 

(Ambion), and an additional RNA cleanup step was performed with the same kit. RNA 

concentrations were measured with Nanodrop spectrophotometer ND-1000. Integrity of RNA 

was checked in agarose gels supplemented with formaldehide. 

 

6.2.10. Quantitative real-time PCR 

 

 cDNAs were obtained from 1 µg of bacterial RNA, using SuperScript III Reverse 

Transcriptase (Invitrogen) following the manufacturer’s instructions. Quantitative reverse 

transcription-PCR (qRT-PCR) was carried out with Power SYBR Green (Applied Biosystems) 

in 25 µl final volume. Each reaction mixture included the appropriate primers for 

amplification of the desired mRNA (see Table 3). Primers rpoD_F (5`-

GATGAAGTCGATCGGCAATCTG-3`) and rpoD_R (5`-GCTTCGACCATTTCCTTCTTGG-3`) were 

used to estimate expression of rpoD as an internal reference. The qRT-PCR program consisted 

of 10 min incubation at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C, with a 

final cycle of 15 s at 95°C, 1 min at 60°C, 15 s at 95°C and 15 s at 60°C. Determinations were 

carried out with RNA extracted from three independent biological samples, with the threshold 

cycle (Ct) determined in triplicate. Fold change in expression levels was calculated by using 

the 2-ΔΔCt method (Livak and Schmittgen, 2001). To control DNA contamination, a PCR 

amplification was performed on the RNA samples using the same primer pairs. 

 

6.3. Construction of strains and plasmids.  

 

6.3.1. Fusion PCR for plasmid construction.  

 

Selectable marker cassettes were introduced by a fusion PCR procedure by means of three 

steps of PCR. In this procedure, primers used to amplify the marker gene contain sequences 

complementary to those in primers amplifying the corresponding ends of the flanking regions. 

Sequences from primers pQE-F (CCCGAAAAGTGCCACCTG) and pGEX5 

(GGCAAGCCACGTTTGGTG) were used as overlapping tags. Overlapping primers were 
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designed taking into account that their corresponding Tm should not differ more than 2 

degrees.  

   Primers used in this work are listed on Table 3. 

 

Table 11. Oligonucleotides used in this work 
 

ID Tm Sequence (5’-3’) 

gusA and celB marked strains 

34U (P1) 65.3 TATCTAGAGGCAAACAAACCCCTAAAT 

705L (P2) 87.3 CACCAAACGTGGCTTGCCGCAGTGGTACAGGAGACGA 

3182U (P3) 87.4 CCCGAAAAGTGCCACCTGCTTCATCACGGCAGGTTCA 

3775L (P4) 68.6 AAGTCGACAAGATCCAGCCCAC 

   

631U (P1) 73.3 CCTCTAGACCCGAGCCGAAAAATCCTT 

1263L (P2) 87.0 CACCAAACGTGGCTTGCCATGGTGATGTCGGGCTT 

3493U (P3) 86.5 CCCGAAAAGTGCCACCTGCGATGTCGCCGTGAATAA 

4037L (P4) 68.2 AAGTCGACAATACGGAGACGGG 

   

935U_gusA (P5)  89.1 GGCAAGCCACGTTTGGTGTGCAACTGCGGGTCAAGGA 

2993L_gusA (P6) 89.1 CAGGTGGCACTTTTCGGGCAGGCGGTGAAGGGCAATC 

1285U_celB (P5) 85.3 GGCAAGCCACGTTTGGTGCTCATTAGGCGGGCTAGA 

2983L_celB (P6) 81.6 CCGCAGGTTCACCTACGGATATGGCATGGTTTCTCTT 

3218U_celB (P3) 86.1 TCCGTAGGTGAACCTGCGGCTGCAAAAACGCTGGACT 

   

1261U 791_P1ext  66.3 GCCAGAGCCAGTCCTTCG 

3193L 791_P4ext  56.9 ATCGATCAGGGTGTTCTT 

22U 3841_P1ext  66.4 ACGCACTCAGCCCAAACC 

1758L 3841_P4ext  56.3 CACATCATGCCCTAACTC 

1630U_gusA 54.4 GGTGAACAGGTATGGAAT 

247L_gusA 63.1 GAAACGCAGCACGATACG 

719U_celB 57.2 TAATTCAGGCTCACATCG 

1315L_celB 63.6 AACCCACACCCACCAGTC 

   

QS mutant strains   

759U_spcR (P5) 81.8 GGCAAGCCACGTTTGGTGAGATTTTAATGCGGATGT 

2457L_spcR (P6) 86.9 CAGGTGGCACTTTTCGGGGATCCTTGGAGCCCTTGC 

1190U_tetR (P5) 85.3 GGCAAGCCACGTTTGGTGCAGGCCATGTTTGAC 

2667L tetR (P6) 84.5 CAGGTGGCACTTTTCGGGTAGCCGGGTCCTCAA 

   

21U_rhiI (P1) 67.9 TACTGCAGATTTGATTCTCCCTTTCC 

553L_rhiI (P2) 84.4 CACCAAACGTGGCTTGCCCGATCTTTCTGTCCTTCA 

3096U_rhiI (P3) 83.8 CCCGAAAAGTGCCACCTGGTGACGAAAAGATTGACG 

3678L_rhiI (P4) 67.7 GATTCTCCGTTGGTTGCTTTCC 
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Table 11. Oligonucleotides used in this work (continuation) 
 

ID Tm Sequence (5’-3’) 

11U_rhiR (P1) 69.1 TACTGCAGCATGAGAAGAGCCAGAT 

555L_rhiR (P2) 84.4 CACCAAACGTGGCTTGCCACGTCGTCACATCTAAGC 

3094U_rhiR (P3)  83.3 CCCGAAAAGTGCCACCTGCAGGCAAAACAGCAATAG 

3678L_rhiR (P4) 70.9 GGAGGGGGCAAGCGTCAA 

   

26U_cinI (P1) 75.0 TACTGCAGGTCGCTGAATGCCCGTAT 

525L_cinI (P2) 82.8 CACCAAACGTGGCTTGCCGGAAATTCCCTCAGATAG 

2681U_cinI (P3) 85.5 CCCGAAAAGTGCCACCTGGCCGAGGTGGAAGAACT 

3263L_cinI (P4) 75.6 GCCCGCCAATACCGCTTTCCTG 

   

35U_cinRIS (P1) 70.3 TACTGCAGCTAAATTGCGGAGAAAGG 

502L_cinRIS (P2) 82.6 CACCAAACGTGGCTTGCCATGGTAGGTGACGAAAT 

2667U_cinRIS (P3)  87.4 CCCGAAAAGTGCCACCTGCCGCTACGCAGACCTCAA 

3016L_cinRIS (P4) 73.9 GGCCGAACATCGGCATCATCAT 

   

46U_mexAB (P1) 68.1 GCTTCGCAGCCTTTGATGG 

562L_mexAB (P2) 84.0 CACCAAACGTGGCTTGCCATCGCCGTTCAATCTAC 

4323U_mexAB (P3) 84.6 CCCGAAAAGTGCCACCTGAATTTTCGCCTGGGTCAT 

4910L_mexAB (P4) 68.7 TGTTCTGCGCCTGGATGG 

   

734L P5int_spcR 68.9 TACGCAGCAGGGCAGTCG 

798U P6int_spcR 68.3 GCGCTTGCTGCTTGGATG 

890L P5int_tetR 61.1 AAGTAGCGAAGCGAGCAG 

1726U P6int_tetR 65.3 CGTCACGGCGATTTATGC 

   

4550U P1ext_rhiI 70.4  CGCTTCCCGGCTGTGATG 

6378L P4ext_rhiI 65.6 ACGGGATCAGCGGTTCAT 

1038U P1ext_rhiR 58.4 CGAGCGGAAACTAACATC 

2651L P4ext_rhiR 59.5 TTGGACGACTTCTGAGGA 

   

2343L P1ext_mex 65.2 GATCGCGGGGCTCAGTAT 

9005U P4ext_mex 72.2 GCGCGGCTTCGTTGCTGT 

965U P1ext_rhiR  48.8 CCGCATGCCAATAGGAT 

1727L_PrhiR 46.1 TTCGAGACCGTTGAGGA 

1543L P6_cinS 63.9 GCAAGCATCTGTGGACGA 

2859L cinI_right  65.24 CGATATCCTTCTGCATTGAGGTCTG 

974L P2_cinS 74.9 AGGCGGGCGGAGGGGAAC 

5271L mexB 63.9 AAGGGCGTGGTGTCGTAG  

2910U mexA 59.0 AAATTCGGATAACGGCA  

66U cinS 60.9 TCTTCAGCGCCTCGTT 

224L cinS 60.0 AACCGCTACGCAGACC 

3247U mexA 69.7 TATCCGGCCGCAGGTCAG 

3860L mexA 66.3 GAGCACGCGGATGATGAA 
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Table 11. Oligonucleotides used in this work (continuation) 
 

  

ID Tm Sequence (5’-3’) 

4323U mexB 61.9 AATTTTCGCCTGGGTCAT 

4910L mexB 68.7 TGTTCTGCGCCTGGATGG 

   

pMP220 fusions   

427U rhiI 59.4 ACATTTGATTCTCCCTTTCC 

1106L rhiI 61.7 CGTCTGTCACTCTTGCGTAA 

599U cinR 62.0 GTAACCGTTTCCACAAGCAC 

1577L cinR 73.5 CGGGCATTCAGCGACAGCAG 

1573U cinI 70.1 ATACCGGCCGACGAATGGAC 

2537L cinI 70.5 AAGGGCCGATGACAGGAACG 

2481L cinRI 74.1 GCAAAGCGCGAGCAGCATCA 

   

RNA   

40U rhiI_left 65.73 TTCCAGTATCGCGTGTTTTGATGAT 

187L rhiI_right 65.22 ATGCTAGGCTCTGAGAGGATGTGTG 

7313U rhiR_left 65.46 CAAAACAGCAATAGAGATTGCAACGA 

7457L rhiR_right 65.98 TCAGCGAATGATTCTGAGACGAAAG 

297U traiI_left 65.03 GATCGAGAGTTCTCGCTTCTGTGTC 

447L traiI_right 65.05 AAGATCGGTCACCGTAACAATCTCA 

 
Bolded residues correspond to overlapping tags: pQE-F for primers 705L, 1263L, 935U and 1285U; 
pGEX5 for primers 3182U, 3493U, and 2993L; and ITS1 for primers 3218U and 2983L in the primers 
used for gusA and celB marked strains. Restriction sites (XbaI, SalI and PstI) are shown in italics. In the 
primers used for generate QS mutant strains, overlapping tag pQE-F is always present in primers P2 
and P5, whereas the tag pGEX5 is used in primers P3 and P6.  
 

6.3.2. Generation of gusA and celB marked strains 

 

A first round of PCR reactions (PCR1) were designed to amplify the DNA regions flanking 

the sites of insertion. To this aim we used genomic DNA (5 to 20 ng) and primer pairs 

631U/1263L and 3493U/4037L for amplifying Rlv UPM791 upstream and downstream 

fragments of 650 bp and 545 bp, respectively; for Rlv 3841, primer pairs were 34U/705L and 

3182U/3775L for upstream and downstream fragments of 682 bp and 589 bp, respectively. 

A second set of PCR reactions (PCR2) was carried out to amplify the DNA regions 

containing the gusA and celB marker genes from plasmids pCAM110 and pAS1 using primer 

pairs 935U/2993L and 1285U/2983L, respectively (Table 3). PCR reaction settings for PCR1 

and PCR2 were as follows: 94°C for 2 min, 10 cycles of 94°C for 45 s, 57°C for 45 s, 72°C for 90 

s; 20 cycles of 94°C for 45 s, 57°C for 45 s, 72°C for 90 s with an elongation of 5 s/cycle; and a 
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final extension of 72°C for 7 min. For constructs carrying gusA, the three PCR products 

(marker gene, and upstream and downstream regions) were linked via the overlapping 

regions of tagged primers by fusion PCR (PCR3) carried out using the outermost primers and 

a mixture of the three purified PCR products as template (Kuwayama et al., 2002). The 

conditions for fusion PCR were as follows: 94°C for 2 min, 10 cycles of 94°C for 45 s, 56°C for 

45 s, 68°C for 3 min; 20 cycles of 94°C for 45 s, 56°C for 45 s, 68°C for 3 min, with an 

elongation of 5 s/cycle; followed by a final extension of 68°C for 7 min. The DNA fragments 

carrying the gusA marker gene fused to the flanking regions from each strain were cloned in 

plasmid pCR2.1TOPO (Invitrogen) rendering plasmids pTP791gusA and pTP3841gusA, 

respectively. In these plasmids, the fidelity of the constructions was verified by DNA 

sequencing. Also, the β-glucuronidase enzyme activity expressed by E. coli cells carrying each 

of the plasmids was checked in plates containing XglcA.  

celB-containing insertion cassettes were constructed by replacing the gusA marker gene in 

plasmids pTP791gusA and pTP3841gusA by the celB marker gene whilst keeping the gusA 

associated terminator (ter) sequences, absent in pAS111. To this purpose, DNA from each 

plasmid was used as template to amplify the flanking regions with the same primers indicated 

above except for the upper primer for downstream regions, for which we used 3218U. 

Amplified fragments were fused to the fragment containing the celB gene using the same PCR 

conditions as before. The final 3.4 kb constructs were cloned in plasmid pCR2.1TOPO, 

rendering plasmids pTP791celB and pTP3841celB, which were verified by sequencing and 

celB activity assays. 

    The NsiI/SpeI 3.8 and 3.4 kb fragments carrying gusA and celB marker genes flanked by the 

recombination sites from pCR2.1TOPO derivative vectors, were cloned into the XbaI/PstI site 

of the suicide vector pK18mobsacB. The resulting plasmids were introduced into Rlv UPM791 

and 3841 strains by using E. coli S17-1 as the donor strain in a biparental mating. Homologous 

recombination was selected using the selection based on the sacB system (Schafler et al., 

1994) and checking gusA or celB enzyme activities in recombinant strains. Transconjugant 

strains were designated UPM791gusA, UPM791celB, 3841gusA and 3841celB. Insertions were 

confirmed by PCR using pairs of primers located one of them outside of the flanking region 

and the other on the inside of the marker gene: 791.P1ext (1261U), 791-P4ext (3193L), 3841-

P1ext (22U), 3841-P4ext (1758L), gusA-1630U, gusA-247L, celB-719U and celB-1315L, with 

genomic DNA from each mutant as template. 
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6.3.3. Generation of QS mutants: rhiR, rhiI, cinI, cinRIS and mexAB-oprM 

 
 The DNA region containing the spectinomycin (SpR) and tetracycline (TetR) resistance 

cassettes from plasmid vectors pSS10 and pSUP202, respectively, were amplified with 

primers 759U-spcR (P5), 2457L-spcR (P6), 1190U-tetR (P5) and 2667L-tetR (P6) listed in 

Table 3. To precisely integrate the resistance genes in the genome of the recipient strain, 

specific DNA regions flanking the sites of insertion were PCR amplified from Rlv UPM791 

genomic DNA. In the case of rhiR mutant construction, the 1.7-kb SpR cassette was flanked by 

short recombination regions of 580 bp, obtained with primers 11U-rhiR (P1) and 555L-rhiR 

(P2), and 602 bp, with primers 3094U-rhiR (P3) and 3678L-rhiR (P4). rhiI mutant was 

obtained by linking the 1.5 kb tetR cassette to homology regions of 568 bp, amplified with 

primers  21U-rhiI (P1) and 553L-rhiI (P2), and 604-bp, with primers 3096U-rhiI (P3) and 

3678L-rhiI (P4). In the case of the cinI mutant construction, the 1.7 kb spcR cassette was 

flanked by short homology fragments of 535 bp, obtained with primers 26U-cinI (P1) and 

525L-cinI (P2), and 587 bp with primers 2681U-cinI (P3) and 3263L-cinI (P4). The complete 

cinRIS deletion mutant was obtained by linking the same cassette to homology regions of 510 

bp amplified with primers 35U-cinRIS (P1) and 502L-cinRIS (P2), and 461 bp, with primers 

2667U-cinRIS (P3) and 3016L-cinRIS (P4). Finally, the mexAB deletion was carried out by 

linking the 1.7 kb spcR cassette to the amplified homology fragments of 551 bp obtained with 

primers 46U-mexAB (P1) and 562L-mexAB (P2), and 605 bp, with primers 4323U-mexAB 

(P3) and 4910L-mexAB (P4). Primers used are listed in Table 3. Each individual PCR reaction 

was performed as follows: 94°C for 2 min, 10 cycles of 94°C for 45 s, 57°C for 45 s, 72°C for 2 

min; 20 cycles of 94°C for 45 s, 57°C for 45 s, 72°C for 2 min with an elongation of 5 s/cycle; 

followed by a final extension of 72°C for 7 min. For each case, the three PCR products were 

linked as mentioned above, following the PCR conditions already described for gusA and celB 

constructions.  

 These 2.89 kb and 2.67 kb DNA fragments for rhiR+spcR and rhiI+tetR constructions, 

2.67 kb and 2.84 kb DNA fragments for cinRIS+spcR and cinI+spcR, and 2.87 kb for 

mexAB+spcR constructions; respectively, were cloned into plasmid pCR2.1TOPO (Invitrogen 

BV, Groningen, The Netherlands) rendering plasmids pTPrhiR, pTPrhiI, pTPcinRIS, 

pTPcinI and pTmex. In these plasmids, the fidelity of the constructions was verified by DNA 

sequencing. 
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The DNA regions carrying rhi+tetR and cinI+spcR were cloned into the suicide vectors 

pK18mobsacB or pK19mobsacB as PstI fragments. The cinRIS+spcR fragment was obtained 

as a PstI/SpeI restriction fragment and inserted into the PstI/XbaI site of the same cloning 

vectors, whereas rhiR+spcR and mexAB+spcR deletion fragments were obtained as 

XbaI/SpeI fragments and inserted into the XbaI site of the same vectors. The resulting 

plasmids (named pK series) were introduced into Rlv UPM791 and Rlv UPM791.1 strains by 

using E. coli S17-1 as the donor strain in a biparental mating. Homologous recombination was 

selected using the sacB system with the corresponding antibiotic resistance, as mentioned 

above. Transconjugant strains are listed into Table 9. Insertions were confirmed by Southern 

hybridization or by PCR using pairs of primers located one of them outside of the flanking 

region and the other one inside of the resistance cassette (data not shown).  

 
 
6.3.4. Generation of cinS mutant 

  
To make these single mutants, pG18mob2 or pK18mobsac were inserted into the wild type 

copy of cinS by a single cross-over event. For doing this, an internal fragment of 173 bp was 

PCR amplified with primers 66U-cinS and 224L-cinS, and cloned into pCR2.1TOPO vector. The 

DNA inserts were sequenced and then cloned as EcoRI fragments in either pG18mob2 or 

pK18mobsac vectors. The resulting plasmids were conjugated into Rlv UPM791 and UPM791.1 

strains, and also into their cinI derivatives, by using E. coli S17-1 as the donor strain. Single-

crossover events were selected by plating on gentamycin. Insertion was verified by PCR 

analysis. 

 

6.3.5. Generation of complementation plasmids 

 

Wild type copies of the genes cinI, cinIS, cinRIS, rhiR, rhiI and mexAB were PCR amplified 

from genomic DNA of R. leguminosarum UPM791. A 1,259 bp was obtained for cinI with the 

primers 26U-cinI and 2859L-cinI_right; a 1,444 bp fragment corresponding to cinIS were 

amplified with the primers 26U-cinI and 974L-cinS; and a 2,448-bp containing the complete 

cinRIS system with the primers 599U-cinR and 974L-cinS. In the case of the rhiRI system, a 

1,759-bp fragment including a complete copy to rhiR was amplified with the primers 11U-

rhiR and 3678L-rhiR; similarly, a 1,488-bp fragment with a whole copy of rhiI was amplified 
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with the primers 21U-rhiI and 3678L-rhiI. Finally, a 6,539-bp fragment corresponding to 

mexAB-oprM genes was amplified with the primers 46U-mexAB and 2343L-extmex.  

The amplified bands were cloned into pCR2.1TOPO vector and sequenced. The DNA 

inserts for cinI, cinIS, cinRIS, and rhiR were then recovered as KpnI/XbaI restriction digestion 

and ligated into the pG18mob2 corresponding sites. rhiI and mexAB-oprM were obtained as 

XhoI/SpeI and BamHI/XbaI fragments, respectively, and introduced into the same restriction 

sites of the broad host range vector pBBR1-MCS5. The resulting plasmids were introduced 

into their corresponding mutants by a biparental mating using E. coli S17-1 as the donor 

strain. 

 

6.3.6. Generation of transcriptional fusions to lacZ gene 

 
Fusion constructs were made by cloning the promoters of rhi and cin genes into pMP220 

expression vector. Promoter regions were amplified by PCR with the following primers: 

427U-rhiI and 1106LrhiI, for a region of 699 bp containing rhiI upstream region in the rhiI’-

lacZ fusion; 599U-cinR and 1577L-cinR, for a fragment of 998 bp corresponding to cinR’-lacZ 

fusion; 1598U-cinI and 2206L-cinI, for a 628-bp fragment in the cinI’-lacZ fusion; and a larger 

fragment of 1,902 bp for cinRI’-lacZ fusion with primers 2481L-cinRI and 599U-cinR. These 

fragments were cloned first into pCR2.1TOPO vector, sequenced, and subsequently 

introduced into pMP220 vector using the appropriate restriction enzymes (KpnI/XbaI for all 

of the constructs, except for cinRI, which was digested with SphI/XbaI).   

 

6.4. Microbiological techniques 

 

6.4.1. gusA and celB activity assays 

 

 gusA activity assays for E. coli and R. leguminosarum derivatives were carried out on 

plates containing the substrate XglcA (5-bromo-4-chloro-3-indolyl-β-D-glucuronide). celB 

assays were carried out with liquid cultures grown to exponential phase using ONPG as 

substrate after thermal inactivation (70°C, 30 min) of endogenous β-galactosidases as 

described by Sessitsch et al., (1996).  

 

 

 6.4.2. AHL extraction and detection bioassay 
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AHLs were prepared directly from culture supernatants of TY cultures by extraction with 

ethyl acetate (1:1) using the procedure described by Cantero et al., (2006). The amount of 

extract corresponding to 2.5 ml of cell culture was suspended in ethyl acetate, and separated 

by thin-layer chromatography on a TLC silica gel RP-C18 plate (UNIPLATE RPS Reversed 

Phase Hydrocarbon Impregnated Silica Gel; Analtech) with methanol:water (60:40) as mobile 

phase. The presence of AHLs was determined by overlaying the TLC plates with a 1:1 mix of 

the bioreporter strain Agrobacterium tumefaciens NT4 (pZLR4) AB culture growth overnight 

with AB agar (0.75%, final concentration) supplemented with 40 µg/ml of X-Gal (Cha et al., 

1998). The plates were incubated overnight at 28°C. 

The presence of 3-OH-C14:1-HSL was specifically detected by overlaying the TLC plates, 

loaded in the same way, with the E. coli Bl21 (pIJ9149) reporter strain. This reporter was 

precultured overnight in 10 ml of LB medium supplemented with tetracycline, diluted (1:50) 

and incubated for 3 hours at 37°C. 25ml were transferred into 125 ml of soft agar (0.7%, final 

concentration) supplemented with 40 µg/ml of X-Gal, and the mix was added to the TLC plate. 

In this case, the plates were incubated overnight at 37°C. 

  

6.4.3. Mixed culture assays 

    

To test the effectiveness of AiiA lactonase in mixed cultures, R. leguminosarum cultures 

were individually grown on YMB media for 48h. Each culture was then adjusted to an OD600  

0.1 with fresh medium. Then, flasks containing 10 mL of TY media were inoculated with 

combinations of an AiiA carrier strain with a strain containing the control plasmid pME6000, 

at the following proportions: 100:0, 90:10, 50:50, 10:90 and 0:100. When cultures reached an 

early stationary phase, cells were harvested and supernatants were processed for AHL 

extraction as previously described. TLC assays were carried out with the equivalent to 2.5 ml 

of each mixed culture. 

 

  6.4.4. Plasmid stability assays in free-living cultures 

    

To test pME6000/ pME6863 stability in free-living cultures, R. leguminosarum strains 

were grown in TY media supplemented with tetracycline for 48h at 28°C. Cultures were then 

adjusted to a DO600  0.1 in flasks containing either YMB medium or the same medium 
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supplemented with tetracycline. After 48h, serial dilutions were carried out and the number 

of colony forming units (cfu/ml) was estimated by plating adequate dilutions on plates of 

either YMA or YMA supplemented with tetracycline. 

    

6.4.5. β-galactosidase activity assays 

 

β-galactosidase activity was determined in R. leguminosarum free-living cultures as 

described by Miller (1972). For measurements of β-galactosidase activity along the growth 

period (72h), Rhizobium cultures were diluted to an starting OD600  0.03 in 15 ml of TY 

medium.  

 

6.4.6. Colonies/plate competition assays 

 

Bacteria were grown in liquid TY and cultures were diluted to OD600  0.1 with sterile TY 

and analyzed for competition for growth in plates by a modification of the method described 

by Schwarz et al. 2010. Briefly, serial 1:1 dilutions of the gusA marked strain were carried out 

in microtiter plate wells containing 100μl of the other strain, resulting in mixture ratios from 

1:0 to 1:128. Drops of 3 µl from each mixture were spotted onto a 3% agar YMA plates 

supplemented with XglcA (5-bromo-4-chloro-3-indolyl-β-D-glucuronide). Plates were 

incubated at 28°C for 48h, and competitiveness was estimated by the amount of blue color 

present in mixed colonies. To do this, pictures of each plate were taken with a Lumix 

Panasonic FZ48 camera, converted into 255-levels gray-scale figures. The grey level of each 

spot was determined sing ImageJ software (Abràmoff et al. 2004).  

 

6.4.7. Biofilm ring assays 

 

The ability to form biofilm was assayed by a modification of the protocol previously 

described by Mueller and Gonzalez 2011. Strains were pre-grown for 48h in 5ml of TY 

medium, and then diluted to an OD600  0.2 in low-phosphate AMS minimal medium. 

Polystyrene microtiter wells were inoculated with 200 µl aliquots in triplicate. Plates were 

incubated statically at 28°C in a closed container with damp paper towels to maintain 

humidity. Growth of biofilm rings was determined after 5 days. Free liquid culture was gently 

removed from the wells, and each well was washed three times with sterile AMS medium to 
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eliminate non-adhered bacteria. The plate was dried, and wells were stained with 250 µl of 

0.1% crystal violet dye for 15 min. Each well was then rinsed three times with water and 

finally, crystal violet was resuspended in 250µl of ethanol 95%. Optical density was 

determined at 570 nm using a microplate reader (Opsys MR DYNEX) and analyzed with 

Revelation Quicklink software (Dynex Technologies).  

 

6.5. HPLC & UHPLC chromatography 

 

 6.5.1. High-perfomance liquid chromatography (HPLC) analysis and mass 

spectrometry (MS) 

 

Samples were obtained from 100 ml of late-exponential growth phase Rlv cultures grown 

in TY. AHLs from cell-free culture supernatants were extracted with 20mL ethyl acetate and 

dissolved into 100 µl of methanol. 20µl of each sample was injected and separated by C18 

reverse-phase HPLC, using a water/methanol gradient containing 0.1% (v/v) of formic acid as 

the mobile phase at a flow rate of 0.8 ml·min-1. Molecule detection was carried out by 

electrospray (ESI-MS), following identification of the product ion at m/z 102. A mixture of 

AHL standards (Sigma) was applied as reference along with test samples. 

 

6.5.2. Ultra High Pressure Liquid Chromatography coupled to Electrospray Ionization-

hydrid Quadrupole/Time-of-flight Mass Spectrometry (UHPLC/ESI-qTOF-MS).  

 

Ten microliters of the extract were separated using a Dionex Ultimate3000 RSLC system 

(Dionex, Sunnyvale, USA). The column used was a 50 mm x 2.1 mm i.d., 1.7 µm, Acquity UPLC 

BEH C18 column with a 5 mm x 2.1 mm i.d. Acquity UPLC BEH C18 VanGuard pre-column and 

a 0.2 µm x 2.1 mm i.d. in-line filter (Waters, Milford, USA). The following binary gradient was 

applied: 0 to 1 min isocratic 100% solvent A (water with 0.1% [v/v] formic acid); 1 to 10 min 

linear gradient to 72% A, 28% B (acetonitrile with 0.1% [v/v] formic acid); 10 to 15 min 

linear gradient to 100% B; isocratic for 0.5 min. Thereafter, the column was set to 100% A and 

conditioned for 2.5 min before the next injection. The flow rate was 400 µL/min. The solvents 

were of LC-MS grade and purchased at Sigma-Aldrich. 

Eluted compounds were detected by a microTOF-Q II mass spectrometer (Bruker 

Daltonics, Bremen, Germany) operated in electrospray positive mode. Typical settings were as 
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follows: capillary voltage, 4500 V; dry gas temperature, 200º C; dry gas flow, 10 L/min; funnel, 

RF 200 Vpp. Ions were detected from m/z 50 to 1000 at a repetition rate of 5 Hz. The 

instrument was operated in autoMS/MS. Mass calibration was performed using sodium 

formate clusters (10 mM solution of NaOH in 50/50% v/v isopropanol/water containing 0.2% 

formic acid). 

 

 

6.6. Plant experiments 

 

6.6.1. Plant tests, shoot dry weight and acetylene reduction 

 

   Pea (Pisum sativum L. cv. Frisson), vetch (Vicia sativa L. cv. Filón) and lentil (Lens culinaris 

cv. Magda) seeds were surface sterilized with domestic bleach diluted 1:4, and germinated on 

1% agar plates to be  used as host legumes of Rhizobium leguminosarum bv viciae. 

   For regular plant assays, experiments were carried out in sterile Leonard jars containing a 

N-free nutrient solution (KCl, 74.5 mg/l; KH2PO4, 174 mg/l; MgSO4.7H2O, 246.5 mg/l; CaSO4, 

344 mg/l; Fe(III) citrate, 1.8 mg/l; MnSO4.7H2O, 1 mg/l; H3BO3, 71 μg/l; ZnSO4.5H2O, 110 μg/l; 

CuSO4.5H2O, 39 μg/l; and (NH4)6Mo7O24.4H2O, 5 μg/l; Brito et al., 1994) with three seedlings 

per Leonard unit. Seedlings were inoculated with 1 mL of early stationary phase Rlv cultures. 

Plants were grown under bacteriologicallly controlled conditions in a greenhouse under 

natural light supplemented with artificial light (16/8 h day/night, at 25/23°C). 21 days post-

inoculation, plants were harvested and the aerial part was collected and desiccated (3 days at 

70°C) to determine dry weight. Roots were examined for nodule number, and nitrogen 

fixation activity of nodules was determined by the acetylene reduction test as previously 

described (Ruiz-Argüeso et al, 1978) using a Gas Chromatograph System GC-2014 

(Shimadzu).  

 

6.6.2. Isolation of Rhizobium strains from nodules 

 

   To verify the strains used as inocula, nodules were collected and surface-sterilized with 

ethanol for 30 sec, 1/8 diluted bleach for 3 min, and finally rinsed with water several times. 

Individual nodules were then crushed in wells from a microtiter plate with a glass stick, and 

plated on YMA. The isolates obtained were purified by repeated streaking and checked for 
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antibiotic resistance (Vincent, 1970). When required, nodules were frozen at -80°C after 

rinsing them with water. 

 

6.6.3 Plasmid stability assays in symbiosis 

       

50 nodules per plant were harvested at 21 days post-inoculation with Rlv strains 

harboring pME6000 or pME6863 plasmids. Nodules were picked and sterilized in a microtiter 

plate. Each individual nodule was crushed and the bacteria released were plated on both YMA 

and YMA supplemented with tetracycline. The plates were incubated at 28°C for 72h, and the 

number of tetracycline-resistant vs. total number of Rhizobium colonies was determined. 

 

6.6.4. Nodulation competitiveness assays 

 

Rhizobium cultures to be used as inocula were grown in AMS medium. At early stationary 

phase (A600< 0.6-0.8), cultures were diluted to an estimated cell density of ≈10 ufc/mL. 30 ml 

of inocula containing the strains to be tested mixed at the adequate proportions (1:10, 1:1 and 

10:1) were distributed evenly in the ca. 1L volume of vermiculite used per Leonard jar 

prepared as described above. Two pots were used per each strain combination containing 

three seedlings per pot. The number of cells included each jar was estimated by determining 

the number of colony forming units (cfu/ml) from the cultures used in the assay by plating 

appropriate dilutions on YMA plates. After 21 days, whole root systems were subjected to 

sequential double staining procedure to determine the percentage of nodules produced by 

celB and gusA tagged strains (Sessitch et al., 1996).  

 

All the statistical analyses were done using a single plant as the unit of replication within 

each pot. All traits were compared by one-way ANOVA, and significance of differences among 

classes within each factor was determined by Bonferroni test using the software package 

Statgraphics 5.1 (Statpoint Technologies INC., Viginia, USA). 

 

 

 

6.6.5. Microscopic observation 
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For microscopic observation of the colonization pattern, nodules were collected and fixed 

with a 4% paraformaldehyde solubilized in PBS buffer (8 g/l NaCl, 0.2g KCl, 1.44g Na2HPO4, 

0.24g KH2PO4; pH 7.4) and applied under vacuum. Samples were then transferred to a diluted 

fixation solution (0.1% paraformaldehyde) and kept at 4°C. Nodules were longitudinally 

sectioned using a vibratome (Vibratome 1000 plus). Miscroscopic observations were 

performed using Olympus SZX9 microscope or Confocal Leica TCS SP8 microscope. 

Fluorescence was observed either by DAPI (4,6-diamido-2-phenylindole) staining or by the 

introduction of a GFP-encoding plasmid (pHC60; Cheng and Walker, 1998).  

 

6.6.6. Root hair attachment assay 

 

Root hair attachment assays were done as described by Zheng et al (2005) and 

accordingly modified. Briefly, pea seeds were surface sterilized and germinated as already 

described. Three seedlings roots, approximately 3 cm in length, were cut and incubated for 4 h 

at 28°C at 70 rpm in 30 ml of 25 mM filtered phosphate buffer (3.6 g/l Na2HPO4, 3.5 g/l 

NaH2PO4; pH 7.5) containing a cell suspension with an OD600   0.005. Three replicates were 

carried out independently. After incubation, roots were washed with 2 ml of phosphate buffer 

three times with gentle shaking. The number of attached bacteria was determined by 

vortexing roots 2 min with 3 glass beads and plating the cell suspension and serial dilutions 

on YMA medium plates. 

 

6.6.7. Preparation of pea exudates  

 

Pea seeds were sterilized as described above and germinated in agar plates at 28°C. The 

seedlings were then incubated, in the dark, in a plant growth chamber (16/8h day/night, at 

21°C /20°C and 65% humidity). 300 ml of the standard N-free plant nutrient solution were 

used as container for root secretion in a sterile glass beaker, where 15-19 pre-germinated pea 

seedlings were placed on top of a sterile plastic net. After 12 days, the roots of seedlings were 

cut off and the content of the glass beaker was collected and filtered with a 0.22 µm vacuum 

filter system for sterilization. A glass beaker without seedlings was used as control. For 

growth curves, root exudates prepared as described above were added to sterile TY and AMS 

media. A stock of commercial flavonoid naringenin (Sigma) was prepared in methanol at a 

concentration of 2 mM and serially diluted to different concentrations. 
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6.7. Genome sequence analysis 

 

6.7.1. Genome sequencing and assembling 

 

  Strain R. leguminosarum bv viciae UPM791 is a streptomycin-resistant derivative selected in 

our laboratory from strain 128C53, a Pisum sativum isolate supplied by the Nitragin Co., 

Milwaukee, Wisconsin, USA (Leyva et al., 1987). Genomic DNA was prepared from 30 ml of 

culture (OD600 adjusted to  1.0) grown on TY medium using a CTAB (Cetyl Trimethyl 

Ammonium Bromide) bacterial genomic DNA isolation method. A 4 kb shotgun library was 

used for whole-genome sequencing by means of the 454 GS-FLX pyrosequencing technology 

(Roche) at the Institute for Genome Sciences (Institute for Genome Sciences, Baltimore, 

University of Maryland). 778,332 paired-end reads were obtained, covering 20x of the 

genome. Sequences were trimmed to remove vector and low-quality regions. Trimmed 

sequences were assembled using the Celera Assembler CA5.4 (Myers et al., 2000), leading to 

771 contigs grouped into 26 scaffolds. The assembly was visualized using Hawkeye (Schatz et 

al., 2007), from the AMOS package (3.1.0 version; Treangen et al., 2011).  

 R. leguminosarum bv viciae 3841 was used as the reference genome (Young et al., 2006). 

Using the MUMmer whole genome global aligment system (Kurtz et al., 2004), UPM791 

contigs were aligned with the 3841 reference sequence both to orient contigs and to find 

conserved regions. 

   Gaps were closed using PCR sequences obtained through 1/64th Big Dye sequencing 

reactions and an additional Illumina HiSeq2000 sequencing run carried out at Beijing 

Genomics Institute (China), with a coverage of 100x. 90 bp reads were trimmed with 

Trimmomatic (0.22 version; Lohse et al., 2012) and the read quality was evaluated with 

FastQC (3 version; Babraham Bioinformatics). Illumina reads were then assembled with 

Velvet software (version 1.0.17; Zerbino and Birney, 2008), generating 1,303 contigs. 

Pseudoreads of 1,500 bp in length, overlapping by 150 bp were generated from large 

consensus sequences by using the fb_dice.pl script from FragBlast module 

(http://www.clarkfrancis.com/blast/ fragblast.html).  

      For final assembly, the Newbler assembler (version 2.6; Roche) was used to create a hybrid 

assembly with the original 454 pyrosequencing reads, the Illumina diced contigs entered into 

http://www.clarkfrancis.com/blast/
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the assembly as pseudo-reads, and the additional PCR sequences. This strategy allowed the 

construction of a genome sequence database of 17 contigs. This assembly was visualized using 

the Geneious Pro software (version 5.6.5; Biomatters; Auckland, New Zealand). The end 

sequence data facilitated accurate reconstruction of the entire genome up to high quality draft 

status.    

 

6.7.2. Genome annotation 

 

   The genome was annotated using Manatee annotation engine tool (Institute for Genome 

Sciences, University of Maryland School of Medicine; Galens et al. 2011; 

http://ae.igs.umaryland.edu/cgi/index.cgi;), which predicts genes through Glimmer algorithm 

(Delcher et al. 1999). Manatee is a web-based annotation visualization and curation tool. It is 

used to look at the results of the pipeline run in the Annotation Engine. The pipeline produces 

functional annotation from a variety of evidence sources, these include: BER 

(BLAST_extend_repraze) pairwise matches, HMM, TMHMM, SignalP and PROSITE matches. 

Several types of annotation are attached to each protein based on the available evidence, 

including: EC numbers, Gene Ontology (GO) terms and protein names. Since the Rlv UPM791 

genome sequence is of draft quality and not completely closed, Rlv 3841 was used as a 

reference genome to create a pseudomolecule from the assembled 454 reads that consists of 

the Rlv UPM791 contigs linked together into one long sequence with an easily identifiable 

spacer between each contig that introduces translational starts and stops in all 6 frames and 

helps in the identification of possible partial genes on the ends of contigs.  

 

6.7.3. Genome comparison 

 

   Local BLAST was installed to perform nucleotide and protein searches with the Rlv UPM791 

sequence database. Genome Atlas (for plasmid view) and codon and amino acid usage figures 

were obtained with the tools installed in a virtual box installation of the Biotools – Xubuntu 

package from the CBS (Center for Biological Sequence analysis, Technical University of 

Denmark), based on Prodigal (Prokaryotic Dynamic Programming Genefinding Algorithm; 

Hyatt et al., 2010). This package was also used to build the BLAST matrix reflecting the 

homology between proteomes of Rhizobium sp.  

http://ae.igs.umaryland.edu/cgi/index.cgi
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   Comparative Genome Atlases constructed for plasmid comparison have been built using 

CGview software (Grant and Stotahrd, 2008) to map pairwise BLASTN aligments between 

different Rhizobium sp.  

 

6.7.4. Phylogenetic tree construction 
 

Sequences from UPM791 genome were obtained from the Manatee pipeline. These 

sequences, together with relevant sequences obtained from the GenBank and Uniprot 

databases, were aligned using CLUSTALW (Chenna et al., 2003). Phylogenetic and molecular 

evolutionary analyses were conducted using MEGA 5 package (Tamura et al., 2005). To infer 

the trees, the neighbor-joining statistical method and the Kimura two-parameter model were 

used. Phylogenetic trees were bootstrapped with 1,000 bootstrap replications. 
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