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Summary

 

Two Gram-negative, plant growth-promoting rhizobacteria (PGPRs), denominated as 

M12 and M14, were classified by 16S rDNA sequencing as 

 

Burkholderia graminis

 

 species. 

Both strains were shown to produce a variety of 

 

N

 

-acyl-homoserine lactone (AHL) quorum 

sensing (QS) signalling molecules. The involvement of these molecules in plant growth 

promotion and the induction of protection against salt stress was examined. AHL 

production was evaluated 

 

in vitro

 

 by thin-layer chromatography using AHL biosensors, 

and the identity of the AHLs produced was determined by liquid chromatography-tandem 

mass spectrometry. The 

 

in situ

 

 production of AHLs by M12 and M14 in the rhizosphere of 

 

Arabidopsis thaliana

 

 plants was detected by co-inoculation with green fluorescent 

protein-based biosensor strains and confocal laser scanning microscopy. To determine 

whether plant growth promotion and protection against salt stress were mediated by QS, 

these PGPRs were assayed on wild-type tomato plants, as well as their corresponding 

transgenics expressing 

 

Yen

 

I (short-chain AHL producers) and 

 

Las

 

I (long-chain AHL 

producers). In wild-type tomato plants, only M12 promoted plant growth, and this effect 

disappeared in both transgenic lines. In contrast, M14 did not promote growth in wild-type 

tomatoes, but did so in the 

 

Las

 

I transgenic line. Resistance to salt stress was induced by M14 

in wild-type tomato, but this effect disappeared in both transgenic lines. The strain M12, 

however, did not induce salt resistance in wild-type tomato, but did so in 

 

Las

 

I tomato plants. 

These results reveal that AHL QS signalling molecules mediate the ability of both PGPR 

 

strains M12 and M14 to promote plant growth and to induce protection against salt stress.
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Introduction

 

Plant growth-promoting rhizobacteria (PGPRs) (Kloepper

 

et al

 

., 1980) are beneficial soil rhizobacteria that play a key

role in plant health and nutrition. They may benefit plant

growth in a number of ways, including the improvement of

plant nutrition, the production of plant growth regulators

(Gutiérrez Mañero 

 

et al

 

., 1996, 2001), the prevention or

limitation of attacks by pathogenic microorganisms (van

Loon 

 

et al

 

., 1998; Bowen and Rovira, 1999) and aiding in the

establishment of symbiosis with rhizobia or mycorrhiza

(Frey-Klett 

 

et al

 

., 1997; Vessey, 2003; and references cited

therein). PGPRs can be found in several bacterial genera and,

although a wide array of mechanisms by which PGPRs

promote growth have been widely reported (Bowen and

Rovira, 1999), defence mechanisms, such as induced systemic

resistance, have received particular interest in recent studies

(van Loon 

 

et al

 

., 1998; Vessey, 2003; van Hulten 

 

et al

 

., 2006;

Ramos Solano 

 

et al.

 

, 2007).

Plants possess various inducible defence mechanisms to

protect themselves against pathogen attacks. A classic example

of this is the systemic acquired resistance (SAR) that is

activated after infection by a necrotizing pathogen. SAR has

been demonstrated in many plant species, and confers
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resistance against a broad spectrum of plant pathogens in

distant uninfected plant parts (Ryals 

 

et al

 

., 1996). Some root-

colonizing, non-pathogenic rhizobacteria may also trigger

disease resistance in the host plant, a phenomenon that has

been termed induced systemic resistance (van Loon 

 

et al

 

.,

1998). There is increasing evidence that root-colonizing,

non-pathogenic rhizobacteria also induce resistance to

salt stress. Several authors (Timmusk and Wagner, 1999;

Cheong 

 

et al

 

., 2002) have correlated the expression of some

genes in the defensive response with genes expressed in

salt stress situations, e.g. genes involved in ethylene,

jasmonic acid and abscisic acid pathways. Because of this,

systemically induced plants show an enhanced adaptability

to tolerate salt stress and drought situations (Timmusk and

Wagner, 1999).

Recent research has shown that, within a bacterial

community, cells do not live isolated from each other, but

communicate to coordinate certain activities. This com-

munication is a key mechanism for their survival, as microbial

success critically depends on the ability to perceive and

respond rapidly to changes in the environment (Camara

 

et al

 

., 2002; Fray, 2002). Bacteria have developed complex

mechanisms of communication to control the expression of

certain genes in a cell density-dependent manner, a phenomenon

termed ‘quorum sensing’ (QS). In one of the most common

and intensively studied examples of QS, certain Gram-negative

bacteria release and respond to various 

 

N

 

-acyl-homoserine

lactone (AHL) autoinducer molecules. These regulatory

systems typically rely on two proteins, an AHL synthase, usually

a member of the LuxI family of proteins, and an AHL receptor

protein, belonging to the LuxR family of transcriptional

regulators (Eberl, 1999; Camara 

 

et al

 

., 2002). At low population

densities, cells produce a basal level of AHL via the activity of

the AHL synthase. As the cell density increases, AHLs

accumulate in the growth medium. On reaching a critical

threshold concentration, the AHL molecule binds to its

cognate receptor, which, in turn, activates or represses the

expression of target genes (Steidle 

 

et al

 

., 2001). Different

LuxI homologues catalyse the synthesis of a range of specific

AHLs in an extensive range of bacteria (Eberl, 1999). AHLs are

composed of a homoserine lactone residue linked to an acyl

side-chain. The specificity derives from the length of the acyl

side-chain (4–18 carbon atoms), substitution at the C3

position and saturation level within the acyl chain (Fuqua and

Winans, 1999; Laue 

 

et al

 

., 2000; Gonzalez and Marketon,

2003; Chhabra 

 

et al

 

., 2005). AHLs are broadly classified as

long- or short-chained depending on whether their acyl

moiety consists of more than eight or eight or less carbon

atoms, respectively (Scott 

 

et al

 

., 2006).

Examples of AHL-regulated gene systems are diverse and

include a range of different virulence functions with roles in

plant and animal diseases (Cha 

 

et al

 

., 1998; Pierson

 

 et al

 

.,

1999; Winans 

 

et al

 

., 1999; Loh 

 

et al

 

., 2002; Whitehead 

 

et al

 

.,

2002; von Bodman 

 

et al

 

., 2003; Zheng 

 

et al

 

., 2003; Ramey

 

et al

 

., 2004), bioluminescence, sporulation, swarming,

siderophore production, antibiotic biosynthesis and plasmid

conjugal transfer (Swift 

 

et al

 

., 1996; Whitehead 

 

et al

 

., 2001;

Camara 

 

et al

 

., 2002), as well as beneficial activities associated

with rhizosphere colonization by plant growth-promoting

bacteria (Espinosa-Urgel and Ramos, 2004).

The concept of bioengineering a plant host to produce

AHLs has been demonstrated previously by expressing the

 

yenI

 

 gene (coding for the enzyme AHL synthase from 

 

Yersinia

enterocolitica

 

, responsible for short-chain AHL production) in

tobacco and potato, the 

 

lasI

 

 gene (coding for the enzyme

AHL synthase from 

 

Pseudomonas aeruginosa

 

, responsible for

long-chain AHL production) in tobacco (Fray 

 

et al

 

., 1999;

Toth 

 

et al

 

., 2004; Scott 

 

et al

 

., 2006) and the 

 

expI

 

 gene from

 

Erwinia carotovora

 

 in tobacco (Mae 

 

et al

 

., 2001). These

plant-produced AHLs are freely diffusible across the plastid

and plasma membranes. They are released to the rhizosphere

(Scott 

 

et al

 

., 2006), where they have the potential to affect

microbial processes regulated by such molecules. Diffusion

within the rhizosphere of AHLs of bacterial origin has also

been shown previously by other authors (Pierson 

 

et al

 

., 1999;

Steidle 

 

et al

 

., 2001; Gantner 

 

et al

 

., 2006).

When grown in combination with appropriate root-

colonizing bacteria, AHL-producing transgenic plants are of

potential biotechnological interest (Savka 

 

et al

 

., 2002), as

they may regulate or interfere with natural or engineered

traits under QS control.

This study had four aims: (i) to characterize, through 16S

rDNA sequencing, the phylogenetic association of two

Gram-negative bacteria isolated in a previous study and

shown to have putative PGPR traits (Barriuso 

 

et al

 

., 2005);

(ii) to evaluate whether these strains are able to promote

plant growth and induce resistance to salt stress; (iii) to

determine whether these strains are able to synthesize AHLs

 

in vitro

 

 and 

 

in situ

 

 in the rhizosphere; and (iv) to determine

whether AHL-based signalling is involved in growth promotion

or salt tolerance effects.

 

Results

 

Identification of PGPRs

 

The two strains were identified by complete sequencing of

the rDNA 16S gene (accession numbers AY307365 and
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AY307366 for M12 and M14, respectively) and comparison

of this by 

 

BLASTN

 

 2.2.6 (Basic Local Alignment Search Tool)

(Altschul 

 

et al

 

., 1997) on G

 

EN

 

B

 

ANK

 

, EMBL and DDBJ databases.

The highest homologies in both cases were found with

 

Burkholderia graminis

 

 U96941 and 

 

B. graminis

 

 U96939

(97% for the M12 strain and 98% for the M14 strain). A

phylogenetic tree elaborated with the sequences of M12,

M14 and 15 bacterial strains from G

 

EN

 

B

 

ANK

 

 confirmed that

both grouped with the 

 

B. graminis

 

 strains (Figure 1).

 

In vitro

 

 AHL detection by thin-layer chromatography 

(TLC)

 

To investigate whether the M12 and M14 isolates produced

AHLs, solvent-extracted culture supernatants from these

strains were analysed by TLC, followed by AHL detection

using appropriate 

 

lux

 

-based AHL biosensors. These experi-

ments showed that both strains produced long-chain

AHLs with 

 

Rf

 

 values similar to those of synthetic 

 

N-

 

(3-

oxododecanoyl)-

 

L

 

-homoserine lactone [3-oxo-C12-homoserine

lactone, 3-oxo-C12-HSL or OC12-HSL (‘O’ indicates an oxo

substitution at the third carbon atom)] and 3-oxo-C14-

HSL (OC14-HSL). The AHL levels produced by M14 were

greater than those produced by M12 (Figure 2a). In

addition, short-chain AHLs were detected in extracts

from M14 cultures with 

 

Rf

 

 values similar to those of 3-

oxo-C6-HSL (OC6-HSL) and 3-oxo-C8-HSL (OC8-HSL)

(Figure 2b).

 

Identification of the AHLs produced by M12 and M14 

by liquid chromatography-tandem mass spectrometry 

(LC-MS/MS)

 

To unequivocally identify the AHLs produced by the M12 and

M14 isolates, LC-MS/MS was performed. Sixteen different AHLs

were detected in varying abundance (Table 1). The main AHLs

Figure 1 Phylogenetic analysis of the 16S rDNA sequences 
corresponding to the two plant growth-promoting rhizobacteria 
(PGPRs), M12 and M14, and 15 different sequences of the Burkholderia 
genera. The phylogenetic tree was produced using the 
neighbour-joining method.

Figure 2 In vitro N-acyl-homoserine lactone (AHL) detection from Burkholderia graminis M12 and M14. The pseudocolors represent the light intensity 
produced by the reporter strain, from low intensity (blue) to high intensity (red). (a) Detection of long-chain AHLs by thin-layer chromatography (TLC) 
using the Escherichia coli strain harbouring the reporter plasmid pSB1075. Lanes 1 and 2, extracts from M12 and M14 culture supernatants, respectively; 
lane 3, synthetic N-dodecanoyl-L-homoserine lactone (C12-HSL); lane 4, mixture of synthetic N-(3-oxodecanoyl)-L-homoserine lactone (3-oxo-C10-HSL 
or OC10-HSL), OC12-HSL and OC14-HSL. (b) Detection of short-chain AHLs by TLC using the E. coli strain harbouring the reporter plasmid pSB401. Lane 
1, synthetic C6-HSL; lane 2, mixture of synthetic OC6-HSL and OC8-HSL; lanes 3 and 4, extracts from M12 and M14 culture supernatants, respectively.
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detected for strain M12 were C14-HSL, OC14-HSL, HC14-HSL

(‘H’ indicates a hydroxy substitution at the third carbon

atom) and HC12-HSL; those for strain M14 were C14-HSL,

OC14-HSL, OC12-HSL, HC14-HSL, HC12-HSL, OC6-HSL and

OC8-HSL.

 

In situ

 

 detection of AHL production by the M12 and 

M14 isolates in 

 

Arabidopsis thaliana

 

AHL-mediated cell-to-cell communication has previously

been demonstrated 

 

in situ

 

 in the rhizosphere of axenic tomato

plants using two green fluorescent protein (GFP)-tagged AHL

reporter strains [

 

Pseudomonas putida

 

 F117 (pKR-C12) and

 

Serratia liquefaciens

 

 MG44 (pJBA132)] (Steidle 

 

et al

 

., 2001).

 

Arabidopsis

 

 seedlings were inoculated with a mixture of a

reporter strain and the AHL-producing strain M12 or M14 in

a proportion such that both the PGPR and sensor strains were

able to colonize the root system. All samples were hybridized

with DNA fluorescent probes and inspected by confocal laser

scanning microscopy. Root samples of axenically grown

non-inoculated plants were inspected to demonstrate the

absence of any contamination. For negative controls, the

reporter strains were inoculated on to 

 

A

 

. thaliana plants to

exclude activation of the AHL reporter genes by any

chemicals produced by the plant. No activation of the

reporter strains was seen in these control inoculations,

excluding this possibility. Both reporter strains [P. putida F117

(pKR-C12) and S. liquefaciens MG44 (pJBA132)] were

activated in the presence of M12 and M14, revealing that

both produced short- and long-chain AHLs in the rhizosphere

of A. thaliana seedlings.

Figure 3 shows the A. thaliana rhizosphere inspected by

confocal laser scanning microscopy. Colonization by the

AHL-producing PGPR strains B. graminis M12 (Figure 3a) and

B. graminis M14 (Figure 3b), and the AHL biosensor strains

S. liquefaciens MG44 (Figure 3c) and P. putida F117

(Figure 3d), can be seen. Moreover, in the co-inoculation

experiments, AHL-mediated cell to cell communication can

be observed between the GFP-tagged AHL biosensor strains

[targeted with a red probe (Eub-338-I-Cy3)] and the

AHL-producing PGPR strains [targeted with a red probe

(Eub-338-I-Cy3) and a specific blue probe (Subu-1237-Cy5)].

The following combinations are shown: S. liquefaciens

MG44 and B. graminis M12 (Figure 3e); P. putida F117 and

B. graminis M12 (Figure 3f); S. liquefaciens MG44 and

B. graminis M14 (Figure 3g); and P. putida F117 and B. graminis

M14 (Figure 3h). Red cells correspond to an inactive biosensor

strain. Yellow and green cells correspond to an active AHL

biosensor strain producing GFP as a result of AHLs produced

by the PGPR strain (indicated by arrows). Magenta cells

correspond to AHL-producing PGPRs.

Biological effect and QS in tomato

The ability of B. graminis M12 and M14 to promote plant

growth and enhance resistance to salt stress in tomato was

evaluated. Bacterial strains were inoculated on to wild-type

tomato seedlings and two transgenic lines producing AHL

[YenI (short-chain AHLs) and LasI (long-chain AHLs)] to

determine whether QS was involved in either process.

With regard to plant growth promotion, strain M12 was

found to enhance the growth of wild-type tomato plants,

increasing the shoot height and neck diameter relative to

wild-type and non-inoculated controls (Figure 4a,b).

However, neither the long- nor short-chain AHL-producing

transgenic lines showed this effect when inoculated with

M12 and compared with the non-inoculated or wild-type

controls. Strain M14 enhanced the growth of the LasI

transgenic line only, increasing the neck diameter and shoot

height relative to wild-type or YenI transgenic plants. No

differences were detected between the wild-type and

transgenic controls (Figure 4a,b).

Salt tolerance in wild-type, YenI and LasI tomato seedlings

was assessed by determining the wilt index: values of 39%,

23% and 25%, respectively (data not shown), were obtained

relative to non-saline controls.

The inoculation of wild-type tomato plants with M14

conferred a dramatic protective response to salt stress (more

than 95% protection) (Figure 5). In contrast, when wild-type

plants were inoculated with M12, an enhancement of

salt-induced damage was seen. The protective effect of M14

disappeared in the two transgenic lines, and M14 may actually

result in increased salt damage in YenI plants. Conversely, the

Table 1 Summary of N-acyl-homoserine lactones (AHLs) detected in 
the supernatants of cultures of plant growth-promoting 
rhizobacterium (PGPR) strains M12 and M14 by means of liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). OC-HSL 
indicates an oxo substitution at the third carbon atom, and HC-HSL 
indicates a hydroxy substitution at the third carbon atom (HSL, 
homoserine lactone). (Mass spectra from the different AHLs detected 
and standards are given as Supplementary material Figure S1.)

Strain C-HSL OC-HSL HC-HSL

M12 C4, C8, C10, 

C12, C14

OC8, OC10, OC12, 

OC13, OC14

HC8, HC10, 

HC12, HC14

M14 C4, C6, C8, 

C12, C14

OC8, OC10, OC12, 

OC13, OC14

HC4, HC6, HC8, 

HC10, HC12, HC14



446 Jorge Barriuso et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant Biotechnology Journal, 6, 442–452

negative effect of M12 on the salt tolerance of wild-type

plants disappeared when inoculated on to YenI plants, and

M12 conferred protection of 70% when inoculated on to

LasI transgenic plants (Figure 5).

Discussion

In this study, the ability of two Gram-negative strains

(B. graminis M12 and M14) to synthesize and secrete AHLs

Figure 3 Arabidopsis thaliana rhizosphere 
inspected by confocal laser scanning 
microscopy. (a) Burkholderia graminis M12 
colonization. (b) Burkholderia graminis M14 
colonization. (c) Serratia liquefaciens MG44 
(pJBA132) colonization. (d) Pseudomonas 
putida F117 (pKR-C12) colonization. 
(e) Co-inoculation of S. liquefaciens MG44 
(pJBA132) N-acyl-homoserine lactone (AHL) 
biosensor strain and the AHL-producing plant 
growth-promoting rhizobacterium (PGPR) 
B. graminis M12. (f) Co-inoculation of P. putida 
F117 (pKR-C12) AHL biosensor strain and the 
AHL-producing PGPR B. graminis M12. 
(g) Co-inoculation of S. liquefaciens MG44 
(pJBA132) AHL biosensor strain and the 
AHL-producing PGPR B. graminis M14. 
(h) Co-inoculation of P. putida F117 (pKR-C12) 
AHL biosensor strain and the AHL-producing 
PGPR B. graminis M14. In (e), (f), (g) and (h), 
AHL-mediated cell to cell communication 
between the green fluorescent protein 
(GFP)-tagged AHL biosensor strains [targeted 
with a red probe (Eub-338-I-Cy3)] and the 
AHL-producing PGPRs [targeted with the red 
probe (Eub-338-I-Cy3) and the specific blue 
probe (Subu-1237-Cy5)] can be observed. Red 
cells correspond to inactive biosensor strain. 
Yellow and green cells correspond to an active 
AHL biosensor strain producing GFP as a result 
of AHLs produced by the PGPR strain (indicated 
with arrows). Magenta cells correspond to 
AHL-producing PGPRs.
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in vitro and in situ was evaluated. These two strains were

previously isolated as putative PGPRs from the mycosphere of

Lactarius deliciosus associated with Pinus pinea plants

(Barriuso et al., 2005). In addition to AHL production by these

strains, their ability to promote plant growth and to induce

resistance to salt stress in tomato was evaluated. The biological

effects on growth and protection from salinity were found to

be affected by the presence of plant-produced AHLs in one

of the strains, and was AHL specific.

The TLC results (Figure 2) and LC-MS/MS analysis (Table 1)

showed that both strains release up to 16 different AHLs

when grown in liquid culture. The confocal laser scanning

microscopy analysis with GFP-tagged reporter strains

revealed the ability of the strains M12 and M14 to release

long- and short-chain AHLs when growing on A. thaliana

roots. Two important issues are evident from the confocal

laser scanning microscopy studies: (i) roots are effectively

colonized by the inoculated bacteria (this is a prerequisite for

a biological effect); and (ii) on root colonization, the

inoculated bacteria produce and secrete both long- and

short-chain AHLs (Figure 3). Given that the sensitivity of the

AHL reporter strain is within 0.1–1 µM, AHLs produced by the

PGPR strains colonizing the Arabidopsis rhizosphere reach

biologically relevant amounts (Steidle et al., 2001). In these

assays, it was observed that activated reporter cells were not

necessarily associated with microcolonies. It has been

demonstrated recently by Gantner et al. (2006) in the tomato

rhizoplane that gradients of AHLs are formed even from

single AHL-producing P. putida cells, and eventually can

activate AHL reporter cells at distances up to 70 µm away

from the nearest AHL-producing cell.

Once it had been demonstrated that B. graminis PGPR

strains could effectively colonize the root and produce AHLs

in situ, the next step was to evaluate the effect of both strains

on tomato growth and protection against salt stress and, in

the presence of an effect, to determine whether AHLs played

a role in this behaviour.

Firstly, an experiment was conducted to determine the

existence of biological effects on growth. Shoot height

and neck diameter data (Figure 4) showed that M12

enhanced wild-type tomato growth, whereas M14 did not,

despite the fact that both strains showed PGPR traits in vitro

(Barriuso et al., 2005). This observation supports the

finding that PGPR traits observed in vitro are not necessarily

directly related to growth effects seen under assayed

conditions.

A second experiment to determine the ability of the two

strains to protect tomato plants against salt stress revealed

that M14 protected plants from salt stress (decrease in the

wilt index), but M12 did not (Figure 5), confirming the

differences between these closely related strains.

Protective effects against abiotic factors are related to the

induction of systemic resistance against biotic stress, pathogenic

fungi or bacteria in a process known as induced systemic

resistance. Some authors have reported the expression of

certain genes under multiple stress conditions (Timmusk and

Wagner, 1999; Cheong et al., 2002). The key bacterial

metabolites inducing plant defensive responses have yet to

be characterized. Several different types of elicitor have been

proposed. These include siderophores and plant growth

Figure 4 Tomato biometrical parameters: (a) shoot height; (b) neck 
diameter. Bars indicate standard errors, and the different letters indicate 
the existence of significant differences according to the least significant 
difference (LSD) test (P < 0.05) (n = 32). wt, wild-type.

Figure 5 Relative wilt index in tomato plants, inoculated with M12 and 
M14 against salt stress, expressed as a percentage of the control (100%) 
of each tomato line (n = 16). wt, wild-type.
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regulators (both related to growth promotion), cell wall

polysaccharides and even nodulation-related signals. Irre-

spective of its nature, the elicitor(s) is presumably perceived

by the plant’s roots and a systemic signal is translocated,

resulting in the expression of various defence-associated

genes. The production of some of these potential elicitors can

be regulated by QS mechanisms (Swift et al., 1996; Marketon

et al., 2003). In support of this hypothesis, it has been

reported that the induction of systemic resistance against an

aerial fungal pathogen mediated by root-colonizing rhizobac-

teria is regulated by QS, and indeed that AHL molecules are

involved in salicylic acid- and ethylene-dependent induction

pathways (Schuhegger et al., 2006).

A third experiment was performed to test whether AHL

production by the transgenic plants influenced growth and

protection against salt stress. Wild-type and transgenic

tomatoes [YenI (short-chain AHL producer) and LasI

(long-chain AHL producer)] were inoculated with B. graminis

M12 and M14. The plant growth-promoting effect exhibited

by M12 in wild-type tomatoes (Figure 4) was not found in

transgenic YenI tomato plants. Interestingly, inoculation with

M14 led to a growth enhancement of LasI tomatoes, pro-

ducing long-chain AHLs.

These data imply that C6-HSL and OC6-HSL have a

negative effect on growth promotion by M12, so that when

these AHLs are present growth promotion is inhibited. This is

interesting as these AHLs were not detected in vitro in the

M12 extract. It is possible that the presence of these AHLs in

the plant inhibits the plant growth-promoting activity

normally regulated by the predominantly long-chain AHLs

produced by this strain. This situation is analogous to that in

Chromobacterium violaceum, where short-chain-dependent

violacein production is strongly inhibited by long-chain AHL

competitors (McClean et al., 1997). Alternatively, although

not detected in liquid cultures, these AHLs may be synthe-

sized by strain M12 under rhizosphere conditions and may

regulate pathways antagonistic to plant growth promotion.

In this case, an excess of these molecules in the transgenic

root exudates would result in suppressed growth-promoting

activity. It is possible that these two molecules may be pro-

duced in situ, in the rhizosphere, despite the fact that they

are not detected in vitro, as there is evidence of the induction

of certain bacterial genes only under rhizosphere conditions

(Rainey, 1999; Barriuso et al., 2005). Moreover, the sensor

strain S. liquefaciens MG44 (pJBA132) detected the pro-

duction of short-chain AHLs.

In contrast, M14 produced C6-HSL in liquid culture

(Table 1) and was unable to enhance growth in wild-type or

transgenic YenI tomato plants producing short-chain AHLs

(Figure 4). However, when OC12-HSL from the LasI

transgenic plant was present in the rhizosphere, M14 was

able to promote growth. These data indicate differences in

the regulation of the mechanisms involved in growth promotion

by the two strains. It is apparent that short- and long-chain

AHLs are involved in growth promotion in tomato by M12

and M14, and thus this behaviour is under direct or indirect

QS control.

With regard to systemic protection from salt stress, the

protective effect of M14 in wild-type plants disappeared

when short- or long-chain AHLs from the plant were present

in the rhizosphere. Conversely, M12 protected against salt

stress only when OC12-HSL from the plant was present, i.e.

in LasI transgenic plants. These data confirm that protection

against abiotic (saline) stress induced by M12 and M14 is

influenced by AHLs and, as demonstrated for growth

promotion, regulation of the mechanism is different in the

two strains. The data from M14 suggest that AHLs of

plant origin block the mechanism involved in the protection

against saline stress. This could be explained by the

detection by the inoculated population on transgenic

plant roots of a high level of the signalling molecule, leading

to the induction of synthesis of the elicitor before the

population reaches its normal minimum threshold level

(quorate). This will result in an ineffective induction of plant

salt stress tolerance.

Schuhegger et al. (2006) demonstrated that, in tomato

plants, systemic resistance against the fungal pathogen

Alternaria alternata was induced when the AHL-producing

rhizosphere bacterium S. liquefaciens MG1 was inoculated,

or short-chain AHLs were added, to the roots. However, in

the absence of inoculation, AHLs produced by YenI and

LasI in transgenic plants did not show any systemic resist-

ance differences in comparison with the wild-type control

plants.

In summary, our results indicate that the production of

AHLs by transgenic plants can interfere with normal bacterial

AHL-mediated communication. These plants can positively

and negatively influence bacterial AHL-induced growth and

salt resistance, which may be of benefit to agricultural crops.

In addition to their potential to attenuate certain plant

pathogenic bacteria, such plants may also enhance PGPR

activities, leading to growth promotion and enabling productivity

on low-fertility saline soils in the presence of the appropriate

AHL-producing rhizobacteria. Future work should focus on

the identification of additional PGPR strains and the

characterization of the mechanisms by which plant growth

promotion and induction of salt stress resistance are triggered

by AHL-producing microorganisms.
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Experimental procedures

Bacterial strains

Two PGPR Burkholderia strains isolated from the mycosphere of
Pinus pinea-associated Lactarius deliciosus were used in this study.
These bacteria showed phosphate solubilization capacity in vitro
(Barriuso et al., 2005). For the detection of AHLs from bacterial
culture extracts in vitro, the lux-based Escherichia coli biosensor
harbouring the AHL reporter plasmids pSB401 and pSB1075 was
used (Winson et al., 1998). For in situ AHL detection by confocal
laser scanning microscopy, two rhizosphere-colonizing bacterial
GFP-tagged AHL biosensor strains were used: S. liquefaciens MG44
(pJBA132) for the detection of short-chain AHLs, and P. putida F117
(pKR-C12) for the detection of long-chain AHLs (Steidle et al., 2001).

Identification of the PGPR strains

Each strain was grown in nutrient broth (Conda, Madrid, Spain) at
28 °C overnight in an orbital shaker at 200 r.p.m. DNA extraction
was performed using the Ultraclean™ Microbial DNA Isolation Kit
(MOBIO, Carlsbad, CA, USA), according to the manufacturer’s
instructions.

16S rRNA coding genes from the bacterial strains of interest were
amplified using the conserved flanking primer pair: P1-Forward
(AGAGTTTGATCCTGGCTCAG) and P2-Reverse (AAGGAGGTGATC-
CAGCCGCA) (Ulrike et al., 1989). An additional direct internal
primer Barry1 (CGGCTAACTNCGTGCCAGCAG), which anneals at
position 495, was used to achieve the full amplification of the
1500 bp of the gene (Barriuso et al., 2005). GENBANK accession
numbers for the 16S rRNA sequences of M12 and M14 are
AY307365 and AY307366, respectively. The 16S rDNA sequences
were assembled using Bioedit Sequence Alignment Editor 5.0.3®

software, checked manually, corrected and analysed by BLASTN 2.2.6
(Altschul et al., 1997) on GENBANK, EMBL and DDBJ databases (NCBI
BLAST® home page). The highest homologies for both strains were
with B. graminis.

A further phylogenetic analysis with the two sequences and 15
different sequences of Burkholderia genera was made. The sequence
alignment for the phylogenetic tree was performed using Bioedit
Sequence Alignment Editor 5.0.3®. The tree was created and
evaluated with CLUSTALX 1.8 (Thompson et al., 1997) using the
neighbour-joining method.

In vitro AHL identification by TLC

The bacterial strains M12 and M14 were grown in Luria–Bertani (LB)
medium at 30 °C up to an optical density of 1.0 at 600 nm, correspond-
ing to the stationary phase. Bacterial cultures were centrifuged at 4 °C
for 10 min at 2400 g; 250-mL aliquots of culture supernatant were filtered
through a 0.25-µm Millipore filter (Millipore, Billerica, MA, USA), acidified
with 1 M HCl (100 µL) and incubated with shaking at 20 °C for 18 h.
The supernatants were extracted twice with dichloromethane (250 : 100
supernatant to dichloromethane), the organic phases were pooled
and the extracts were dried over anhydrous magnesium sulphate,
filtered and evaporated to dryness in a vacuum (Diggle et al., 2002).
Residues were dissolved in 250 µL of ethyl acetate, and 10-µL aliquots
were spotted on to each plate and dried with a stream of cold air.

The detection of long-chain AHLs was carried out on a C18
reversed-phase TLC plate (Merck, Whitehouse Station, NJ, USA),
using methanol (60%, v/v) in water as the mobile phase. For the
detection of short-chain AHLs, samples were run on RP2 TLC plates
(Merck), using methanol (45%, v/v) in water as the mobile phase.

TLC plates were overlaid with 50 mL of soft top agar (0.8%)
containing 1 mL of an E. coli strain harbouring either the reporter
plasmid pSB1075 for long-chain AHL detection or pSB401 for
short-chain AHL detection, as described previously (Aendekerk et al.,
2002). Plates were incubated at 37 °C for 24 h. This sensor strain
produces light in response to exogenous AHL; bioluminescence was
detected and quantified after 18 h with a Luminograph LB 980
photon video camera (Berthold, Germany). Long-chain and short-chain
synthetic AHLs were used as standards.

In vitro AHL identification by LC-MS/MS

Culture media were extracted as described in the section on ‘In vitro
AHL identification by TLC’. Identification of AHLs was accomplished
by LC-MS/MS as described by Ortori et al. (2007). A Shimadzu series
10AD VP equipped with binary pumps, a vacuum degasser and a
SIL-HTc autosampler and column oven (Shimadzu, Columbia, MD,
USA) was used as LC system. The column used was a Phenomenex
Gemini C18 (Phenomenex, Torrance, CA, USA), 150 × 2 mm (5 µm
particle size) set at 45 °C. The mobile phase was 0.1% formic acid in
water (A), and 0.1% formic acid in acetonitrile (B). The flow rate was
0.35 mL/min. The gradient profile was as follows: a linear gradient
from 30% to 80% B over 0–5 min, a further gradient from 80% to 95%
B over 2 min, followed by 95% B for 3 min. The column was re-
equilibrated for 3.5 min. Samples were redissolved in 50 µL of ace-
tonitrile prior to use, and a 10-µL volume was injected on to the column.

MS detection was conducted on a 4000 QTRAP hybrid triple-
quadrupole linear ion trap mass spectrometer (Applied Biosystems,
Foster City, CA, USA), equipped with a TurboIon source used in
positive ion electrospray mode. AHLs with or without a 3-oxo or 3-
hydroxy substitution and with acyl side-chain lengths of 4 (C4-HSL,
OC4-HSL and HC4-HSL), 6 (C6-HSL, OC6-HSL and HC6-HSL), 7
(C7-HSL), 8 (C8-HSL, OC8-HSL and HC8-HSL), 10 (C10-HSL, OC10-HSL
and HC10-HSL), 12 (C12-HSL, OC12-HSL and HC12-HSL), 13 (C13-
HSL, OC13-HSL and HC13-HSL) and 14 (C14-HSL, OC14-HSL and
HC14-HSL) were used as standards. AHLs were identified and
confirmed by comparing both the elution time and the spectra of the
peaks obtained with those of the standards.

In situ detection of AHL production in A. thaliana roots

The bacterial strains used were the AHL-producing PGPRs
B. graminis M12 and M14, and the AHL biosensors S. liquefaciens
MG44 (pJBA132) and P. putida F117 (pKR-C12). The bacterial strains
were grown overnight in 250 mL of LB medium in the presence of
antibiotics for the biosensors, and in the absence of antibiotics for
the PGPRs, and harvested by centrifugation. The cells were washed
in 10 mM MgSO4 (PGPRs or reporter strains) and diluted in 10 mM

MgSO4 to a final concentration of 109 colony-forming units (CFU)/
mL. Three millilitres of the bacterial suspension were diluted in 22 mL
of sterile nutrient Hoagland solution to achieve 108 CFU/mL per
gram of substrate; this solution was used to inoculate seedlings in a
Phytatray (Sigma, St Louis, MO, USA) filled with 250 g of sterile quartz
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sand and five Arabidopsis plants per treatment. For co-inoculation of
AHL producer and reporter strains, bacterial suspensions were mixed
in a 5 : 1 ratio (AHL producer : reporter strains; determined in previous
experiments, so that both strains could efficiently colonize the root
system), and 3-mL aliquots were used to inoculate one Phytatray as
described above (treatments are described below in detail).

Arabidopsis seeds (A. thaliana Col0) were surface sterilized by
soaking first in 70% ethanol for 2 min and subsequently in a 5%
sodium hypochlorite solution (with 0.6% Tween-20) for 20 min. The
seeds were thoroughly rinsed five times in sterile water and pre-
germinated in a sterile agar (1%) plate. Ten days after germination,
the plants were inoculated according to the following treatments:
M12; M14; S. liquefaciens MG44; P. putida F117; M12 + S. liquefaciens
MG44; M12 + P. putida F117; M14 + S. liquefaciens MG44;
M14 + P. putida F117; non-inoculated control. The seedlings were
dipped in the inoculum solutions for 1 h. Five seedlings were
transplanted to a Phytatray watered with the bacterial solutions as
described above. The Phytatrays (one per treatment) were covered
with a lid, sealed with Parafilm and incubated for 10 days in a
growth chamber (Sanyo MLR-350H, Sanyo, Moriguchi City, Osaka,
Japan) with a 9-h light (350 µE/m2/s at 24 °C) and 15-h dark (20 °C)
period at 70% relative humidity.

All microscopic observations and image acquisitions for root-
associated bacteria were performed using an LSM 510 scanning
confocal microscope (Zeiss, Jena, Germany) equipped with an Ar ion
laser (GFP: excitation, 488 nm; emission filter BP 505–550) and an
HeNe laser [cyanine-3 (Cy3): excitation, 548 nm; emission filter LP
560; cyanine-5 (Cy5): excitation, 650 nm; emission filter LP 650].
Arabidopsis roots were sampled for microscopy 10 days post-
inoculation. Roots were washed in phosphate-buffered saline (PBS)
to remove sand particles, mounted in PBS on a microscope slide
(Carl-Roth, Karlsruhe, Germany) and fixed with heat (50 °C, 1 h).
Samples were then hybridized with fluorescent-labelled phylogenetic
oligonucleotide probes with 16S rRNA as target. The following probes
were used for hybridization: Eub-338-I (Amann et al., 1990) as bacterial
specific probe, labelled with the dye Cy3 (red fluorescence), and
Subu-1237 (Stoffels et al., 1998), specific for the cluster Burkholderia–
Sutterella, labelled with the dye Cy5 (blue fluorescence).

The fluorescence in situ hybridization (FISH) procedure was performed
as described previously (Stein et al., 2005), and, in short, includes the
following steps: fixation of samples with paraformaldehyde, followed by
hybridization under stringent conditions (35% formamide at 46 °C)
for both probes. The remaining or unspecific bound probe material was
then removed by a washing step under stringent conditions. After
hybridization, samples were embedded and mounted in Citifluor AF1
(Citifluor Ltd., Canterbury, Kent, UK) and the fluorescent signals obtained
(Cy3, Cy5 and GFP) were detected by confocal laser scanning micro-
scopy. This experiment was repeated twice with similar results.

Biological effect and QS in tomato

Wild-type tomato plants (Lycopersicum esculentum var. Ailsa Craig)
and two transgenic lines (YenI and LasI) derived from this wild-type
variety were used. The tomato YenI transgenic line was constructed
in the same way and with the same recombinant yenI construct as
the tobacco and potato plants described by Fray et al. (1999), Toth
et al. (2004) and d’Angelo-Picard et al. (2004). These plants express
constitutively the yenI gene from Yersinia enterocolitica, which leads
to the endogenous accumulation of the major AHLs for YenI synthase,

namely OC6-HSL and C6-HSL, in a 1 : 1 ratio. The tomato LasI trans-
genic line was constructed in the same way and with the same LasI
construction as for the tobacco plants described by Scott et al. (2006).
These plants express constitutively the lasI gene from Pseudomonas
aeruginosa in tobacco, which leads to the endogenous accumulation
of the major AHL directed by the LasI synthase, namely OC12-HSL.

These previous studies have shown that the expression of AHL
synthase genes from the plant nuclear chromosome with targeting
to the chloroplasts promotes efficient AHL synthesis in planta.
Moreover, the production of AHLs in the two tomato transgenic lines
was assayed using biosensor reporter strains (Supplementary material
Figure S2). In addition, the analysis of all progeny plants demonstrated
that both are homozygous lines.

For assays of growth promotion and protection against salt stress,
six treatments were defined for each tomato line (wild-type, YenI
and LasI): the two PGPRs and the non-inoculated control, and the
same treatments stressed with NaCl (200 mM). Plants were germinated
and grown in 50-mL pots filled with a 1 : 1 (v/v) potting soil–vermiculite
mixture, which had previously been autoclaved twice for 20 min at
121 °C with a 24-h interval between each one. The plants were kept
in a glasshouse with controlled light (350 µmol/m2/s for a 16-h day
photoperiod), temperature [28 ± 2 °C/22 ± 2 °C (day/night)] and humidity
(70%), and watered every 2 h during the day cycle with an equivalent
volume of water per plant of 5 mL. The experiment was carried out
with 16 plants per treatment, following a random block design.

Bacterial inoculation was performed as follows: each PGPR was
applied by soil drench to the substrate to achieve 108 CFU/g
substrate 2 weeks after germination. A second inoculum dose was
applied 1 week later to achieve the same inoculum density in the soil.

One week after the second dose of PGPR, a non-destructive
measurement of shoot height and neck diameter was performed for
all treatments. Half of the plants for each treatment were then
watered with a saline solution, to maximum water-holding capacity,
to achieve an electrical conductivity in the substrate of 19.91 mS/cm,
equivalent to a saline solution of 200 mM. The conductivity was
determined in 1 : 1 (v/v) potting soil–vermiculite mixture, with a
conductivity meter (Crison, Alella, Spain). The calibration curve for
substrate conductivity was obtained with increasing concentrations
of NaCl solution. The conductivity of a 200 mM saline solution was
also determined (Barriuso Maicas et al., 2008). All measurements
were performed in triplicate. The other half of the plants for each
treatment were inoculated with distilled water and kept in parallel
as controls. Two days after stress challenge, the wilting index
was estimated, determining the percentage of plants with salt stress
symptoms (wilted leaves) in all treatments. The experiment was
repeated twice with similar results.

To evaluate the bacterial effect on growth (shoot height and neck
diameter) and salt stress protection, unidirectional analysis of
variance (ANOVA) was carried out. When differences were significant,
a least significant difference (LSD) test (P < 0.05) was performed
with the computer program Statgraphics plus 5.1 for Windows™.
Only significant differences (P < 0.05) are considered in the text.

Acknowledgements

This research was funded by the Ministerio de Educación y

Ciencia (Spain) (projects AGL 2002-04188-C06-05 and AGL

2006-13758-C05-02) and the Universidad San Pablo CEU

mobility programme.



Transgenic plants alter quorum sensing in PGPRs 451

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant Biotechnology Journal, 6, 442–452

References

Aendekerk, S., Ghysels, B., Cornelis, P. and Baysse, C. (2002)
Characterization of a new efflux pump, MexGHI-OpmD, from
Pseudomonas aeruginosa that confers resistance to vanadium.
Microbiology, 148, 2371–2381.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H., Zhang, Z.,
Miller, W. and Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic
Acids Res. 25 (17), 3389–3402.

Amann, R.I., Binder, B.J., Olson, R.J., Chisholm, S.W., Devereux, R.
and Stahl, D.A. (1990) Combination of 16S rRNA-targeted
oligonucleotide probes with flow cytometry for analyzing mixed
microbial populations. Appl. Environ. Microbiol. 56, 1919–1925.

d’Angelo-Picard, C., Faure, D., Carlier, A., Uroz, S., Raffoux, A., Fray,
R. and Dessaux, Y. (2004) Bacterial populations in the rhizosphere
of tobacco plants producing the quorum-sensing signals hexanoyl-
homoserine lactone and 3-oxo-hexanoyl-homoserine lactone.
FEMS Microbiol. Ecol. 51, 19–29.

Barriuso, J., Pereyra, M.T., Lucas García, J.A., Megías, M., Gutiérrez
Mañero, F.J. and Ramos, B. (2005) Screening for putative PGPR to
improve establishment of the symbiosis Lactarius deliciosus–Pinus
sp. Microb. Ecol. 50 (1), 82–89.

Barriuso Maicas, J., Ramos Solano, B. and Gutiérrez Mañero, F.J.
(2008) Protection against pathogen and salt stress by four PGPR
isolated from Pinus sp. on Arabidopsis thaliana. (in press).

von Bodman, S.B., Bauer, W.D. and Coplin, D.L. (2003) Quorum sensing
in plant-pathogenic bacteria. Annu. Rev. Phytopathol. 41, 455–482.

Bowen, G.D. and Rovira, A.D. (1999) The rhizosphere and its
management to improve plant growth. Adv. Agron. 66, 1–103.

Camara, M., Williams, P. and Hardman, A. (2002) Controlling
infection by tuning in and turning down the volume of bacterial
small-talk. Lancet Infect. Dis. 2, 667–676.

Cha, C., Gao, P., Chen, Y.C., Shaw, P.D. and Farrand, S.K. (1998)
Production of acyl-homoserine lactone quorum-sensing signals by
gram negative plant-associated bacteria. Mol. Plant–Microbe
Interact. 11, 1119–1129.

Cheong, Y.H., Chang, H.S., Xun Wang, R.G., Zhu, T. and Luan, S.
(2002) Transcriptional profiling reveals novel interactions
between wounding, pathogen, abiotic stress, and hormonal
responses in Arabidopsis. Plant Physiol. 129 (2), 661–677.

Chhabra, S.R., Philipp, B., Eberl, L., Givskov, M., Williams, P. and
Camara, M. (2005) Extracellular communication in bacteria. In:
Chemistry of Pheromones and Other Semiochemicals, pp. 279–
315. Berlin: Springer-Verlag.

Diggle, S.P., Winzer, K., Lazdunski, A., Williams, P. and Camara, M.
(2002) Advancing the quorum in Pseudomonas aeruginosa: MvaT
and the regulation of N-acylhomoserine lactone production and
virulence gene expression. J. Bacteriol. 184, 2576–2586.

Eberl, L. (1999) N-Acylhomoserine-mediated gene regulation in
Gram negative bacteria. Syst. Appl. Microbiol. 22, 493–506.

Espinosa-Urgel, M. and Ramos, J.L. (2004) Cell density-dependent
gene contributes to efficient seed colonization by Pseudomonas
putida KT2440. Appl. Environ. Microbiol. 70 (9), 5190–5198.

Fray, R.G. (2002) Altering plant–microbe interaction through artificially
manipulating bacterial quorum sensing. Ann. Bot. 89, 245–253.

Fray, R.G., Throup, J.P., Daykin, M., Wallace, A., Williams, P., Stewart,
G.S.A.B. and Grierson. D. (1999) Plants genetically modified to
produce N-acylhomoserine lactones communicate with bacteria.
Nat. Biotechnol. 17, 1017–1020.

Frey-Klett, P., Pierrat, J.C. and Garbaye, J. (1997) Location and
survival of mycorrhiza helper Pseudomonas fluorescens during
establishment of ectomycorrhizal symbiosis between Laccaria
bicolor and Douglas fir. Appl. Environ. Microbiol. 63, 139–144.

Fuqua, C. and Winans, S. (1999) Signal generation in autoinduction
systems: synthesis of acylated homoserine lactones by LuxI-type
proteins. In: Cell–Cell Signaling in Bacteria (Dunny, G.M. and
Winans, S.C., eds), pp. 211–230. Herndon, VA: American Society
for Microbiology Press.

Gantner, S., Schmid, M., Dürr, C., Schuhegger, R., Steidle, A.,
Hutzler, P., Langebartels, C., Eberl, L., Hartmann, A. and Dazzo,
F.B. (2006) In situ spatial scale of calling distances and population
density-independent N-acylhomoserine lactone mediated com-
munication by rhizobacteria colonized on plant roots. FEMS
Microb. Ecol. 56, 188–194.

Gonzalez, J.E. and Marketon, M.M. (2003) Quorum sensing in
nitrogen-fixing rhizobia. Microbiol. Mol. Biol. Rev. 67 (4), 574–592.

Gutiérrez Mañero, F.J., Acero, N., Lucas, J.A. and Probanza, A.
(1996) The influence of native rhizobacteria on European alder
[Alnus glutinosa (L.) Gaertn.] growth. II. Characterization of growth
promoting and growth inhibiting strains. Plant Soil, 182, 67–74.

Gutiérrez Mañero, F.J., Ramos Solano, B., Probanza, A., Mehouachi,
J., Tadeo, F.R. and Talon, M. (2001) The plant growth-promoting
rhizobacteria Bacillus pumilus and Bacillus licheniformis produce
high amounts of physiologically active gibberellins. Physiol. Plant.
111, 1–7.

van Hulten, M., Pelser, M., van Loon, L.C., Pieterse, C.M.J. and Ton,
J. (2006) Costs and benefits of priming for defense in Arabidopsis.
Proc. Natl. Acad. Sci. USA, 4, 5602–5607.

Kloepper, J.W., Schroth, M.N. and Miller, T.D. (1980) Effects of
rhizosphere colonization by plant growth-promoting rhizobacteria
on potato plant development and yield. Phytopathology, 70,
1078–1082.

Laue, B.E., Jiang, Y., Chhabra, S.R., Jacob, G., Stewart, G.S.A.B.,
Hardman, A., Downie, J.A., O’Gara, F. and Williams, P. (2000) The
biocontrol strain Pseudomonas fluorescens F113 produces the
Rhizobium small bacteriocin, N-(3-hydro-7-cis-tetradesenoyl)
homoserine lactone, via HdtS, a putative novel N-acylhomoserine
lactone synthase. Microbiology, 146, 2469–2480.

Loh, J., Pierson, E.A., Pierson, L.S., Stacey, G. and Chatterjee, A.
(2002) Quorum sensing in plant-associated bacteria. Curr. Opin.
Plant Biol. 5, 285–290.

van Loon, L.C., Bakker, P.A.H.M. and Pieterse, C.M.J. (1998)
Systemic resistance induced by rhizosphere bacteria. Annu. Rev.
Phytopathol. 36, 453–483.

Mae, A., Montesano, M., Koiv, V. and Palva, E.T. (2001) Transgenic
plants producing the bacterial pheromone N-acylhomoserine
lactone exhibit enhanced resistance to the bacterial phytopathogen
Erwinia carotovora. Mol. Plant–Microbe Interact. 14, 1035–1042.

Marketon, M.M., Glenn, S.A., Eberhard, A. and Gonzalez, J.E.
(2003) Quorum sensing controls exopolysaccharide production in
Sinorhizobium meliloti. J. Bacteriol. 185 (1), 325–331.

McClean, K.H., Winson, M.K., Fish, L., Taylor, A., Chhabra, S.R.,
Camara, M., Daykin, M., Lamb, J.H., Swift, S., Bycroft, B.W.,
Stewart, G.S. and Williams, P. (1997) Quorum sensing and
Chromobacterium violaceum: exploitation of violacein production
and inhibition for the detection of N-acylhomoserine lactones.
Microbiology, 143, 3703–3711.

Ortori, C.A., Atkinson, S., Chhabra, S.R., Cámara, M., Williams, P.
and Barrett, D.A. (2007) Comprehensive profiling of N-acylhomo-



452 Jorge Barriuso et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Plant Biotechnology Journal, 6, 442–452

serine lactones produced by Yersinia pseudotuberculosis using
liquid chromatography coupled to hybrid quadrupole-linear ion
trap mass spectrometry. Anal. Bioanal. Chem. 387, 497–511.

Pierson, L.S. III, Wood, D.W. and von Bodman, S.B. (1999) Quorum
sensing in plant-associated bacteria. In: Cell–Cell Signaling in
Bacteria (Dunny, G.M. and Winans, S.C., eds), pp. 101–116.
Herndon, VA: American Society for Microbiology Press.

Rainey, P.B. (1999) Adaptation of Pseudomonas fluorescens to the
plant rhizosphere. Environ. Microbiol. 1, 243–257.

Ramey, B.E., Koutsoudis, M., von Bodman, S.B. and Fuqua, C.
(2004) Biofilm formation in plant–microbe associations. Curr.
Opin. Microbiol. 6, 602–609.

Ramos Solano, B., Barriuso, J., Pereyra de la Iglesia, M.T.,
Domenech, J. and Gutiérrez Mañero, F.J. (2007) Systemic disease
protection elicited by plant growth promoting rhizobacteria
strains: relationship between metabolic responses, systemic disease
protection and biotic elicitors. Phytopathology. 98, 451–457.

Ryals, J.A., Neuenschwander, U.H., Willits, M.G., Molina, A.,
Steiner, H.Y. and Hunt, M.D. (1996) Systemic acquired resistance.
Plant Cell, 8, 1809–1819.

Savka, M.A., Dessaux, Y., Oger, P. and Rossbach, S. (2002)
Engineering bacterial competitiveness and persistence in the
phytosphere. Mol. Plant–Microbe Interact. 15 (9), 866–874.

Schuhegger, R., Ihring, A., Gantner, S., Bahnweg, G., Knappe, C.,
Vogg, G., Hutzler, P., Schmid, M., van Breusegem, F., Eberl, L.,
Hartmann, A. and Langebartels, C. (2006) Induction of systemic
resistance in tomato by N-acyl-L-homoserine lactone-producing
rhizosphere bacteria. Plant Cell Environ. 29 (5), 909–918.

Scott, R.A., Weil, J., Le, P.T., Williams, P., Fray, R.G., von Bodman,
S.B. and Savka, M.A. (2006) Long- and short-chain plant-produced
bacterial N-acylhomoserine lactones become components of
phyllosphere, rhizosphere, and soil. Mol. Plant–Microbe Interact.
19 (3), 227–239.

Steidle, A., Sigl, K., Schuhegger, R., Ihring, A., Schmid, M., Gantner, S.,
Stoffels, M., Riedel, K., Givskov, M., Hartmann, A., Langebartels, C.
and Eberl, L. (2001) Visualization of N-acylhomoserine lactone-mediated
cell–cell communication between bacteria colonizing the tomato
rhizosphere. Appl. Environ. Microbiol. 67 (12), 5761–5770.

Stein, S., Selesi, D., Schilling, R., Pattis, I., Schmid, M. and Hartmann, A.
(2005) Microbial activity and bacterial composition of H2-treated
soils with net CO2 fixation. Soil Biol. Biochem. 37 (10), 1938–1945.

Stoffels, M., Amann, R., Ludwig, W., Hekmat, D. and Schleifer, K.H.
(1998) Bacterial community dynamics during start-up of a
trickle-bed bioreactor degrading aromatic compounds. Appl.
Environ. Microbiol. 64, 930–939.

Swift, S., Throup, J.P., Williams, P., Salmond, G.P. and Stewart, G.S.
(1996) Quorum sensing: a population-density component in the
determination of bacterial phenotype. Trends Biochem. Sci. 21,
214–219.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F. and
Higgins, D.G. (1997) The ClustalX windows interface: flexible
strategies for multiple sequence alignment aided by quality
analysis tools. Nucleic Acids Res. 24, 4876–4882.

Timmusk, S. and Wagner, E.G.H. (1999) The plant-growth-promoting
rhizobacterium Paenibacillus polymyxa induces changes in
Arabidopsis thaliana gene expression: a possible connection
between biotic and abiotic stress responses. Mol. Plant–Microbe
Interact. 12 (11), 951–959.

Toth, I.K., Newton, J.A., Hyman, L.J., Lees, A.K., Daykin, M., Ortori,
C., Williams, P. and Fray, R.G. (2004) Potato plants genetically

modified to produce N-acylhomoserine lactones increase
susceptibility to soft rot Erwinia. Mol. Plant–Microbe Interact. 17,
880–887.

Ulrike, E., Rogall, T., Blocker, H., Emde, M. and Bottger, E.C. (1989)
Isolation and direct complete nucleotide determination of entire
genes. Characterization of a gene coding for 16S ribosomal RNA.
Nucleic Acids Res. 17, 7843–7853.

Vessey, J.K. (2003) Plant growth promoting rhizobacteria as bioferti-
lizers. Plant Soil, 255, 571–586.

Whitehead, N.A., Barnard, A.M.I., Slater, H., Simpson, N.J.L. and
Salmond, G.P.C. (2001) Quorum sensing in gram-negative
bacteria. FEMS Microbiol. Rev. 25, 365–404.

Whitehead, N.A., Byers, J.T., Commander, P., Corbett, M.J.,
Coulthurst, S.J., Everson, L., Harris, A.K.P., Pemberton. C.L., Simpson,
N.J.L., Slater, H., Smith, D.S., Welch, M., Williamson, N. and Salmond,
G.P.C. (2002) The regulation of virulence in phytopathogenic
Erwinia species: quorum sensing, antibiotics and ecological con-
siderations. Antonie van Leeuwenhoek. 81, 223–231.

Winans, S.C., Zhu, J. and More, M.I. (1999) Cell density-dependent
gene expression by Agrobacterium tumefaciens during coloniza-
tion of crown gall tumors. In: Cell–Cell Signaling in Bacteria
(Dunny, G.M. and Winans, S.C., eds), pp. 117–128. Herndon, VA:
American Society for Microbiology Press.

Winson, M.K., Swift, S., Fish, L., Throup, J.P., Jorgensen, F.,
Chhabra, S.R., Bycroft, B.W., Williams, P. and Stewart, G.S.
(1998) Construction and analysis of luxCDABE-based plasmid
sensors for investigating N-acylhomoserine lactone-mediated
quorum sensing. FEMS Microbiol. Lett. 163, 185–192.

Zheng, D.H., Zhang, S., Carle, S., Hao, G., Holden, M.R. and Burr, T.J.
(2003) A luxR homolog, aviR, in Agrobacterium vitis is associated
with induction of necrosis on grape and a hypersensitive response
on tobacco. Mol. Plant–Microbe Interact. 16, 650–658.

Supplementary material 

The following supplementary material is available for this article:

Figure S1 Mass spectra of AHLs produced by Burkholderia

graminis M12 and M14 strains.

Figure S2 (a) Yen I Tomato transgenic line extracts run in

Thin Layer Chromatography and revealed with sensor strain

Chromobacterium violaceum detecting violacein pigment;

(b) Las I Tomato transgenic line extracts incubated in Petri

dish and revealed with sensor strain E. coli pSB1075 detecting

bioluminiscence production.

This material is available as part of the online article from:

http://www.blackwell-synergy.com/doi/abs/10.1111/

j.1467-7652.2008.00331.x.

(This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible for the

content or functionality of any supplementary materials sup-

plied by the authors. Any queries (other than missing material)

should be directed to the corresponding author for the article.

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1467-7652.2008.00331.x

