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Abstract Specific strains of fluorescent Pseudomo-

nas spp. inhabit the environment surrounding plant

roots and some even the root interior. Introducing

such bacterial strains to plant roots can lead to

increased plant growth, usually due to suppression of

plant pathogenic microorganisms. We review the

modes of action and traits of these beneficial

Pseudomonas bacteria involved in disease suppres-

sion. The complex regulation of biological control

traits in relation to the functioning in the root

environment is discussed. Understanding the com-

plexity of the interactions is instrumental in the

exploitation of beneficial Pseudomonas spp. in con-

trolling plant diseases.

Keywords Antibiotics � Biocontrol � Endophytes �
Induced resistance � Plant-growth promotion �
Siderophores

Abbreviations

AHL N-acyl-homoserine lactone

DAPG 2,4-diacetylphloroglucinol

ISR Induced systemic resistance

PCA Phenazine-1-carboxylic acid

PGPR Plant growth promoting rhizobacteria

SA Salicylic acid

SAR Systemic acquired resistance

TAD Take-all decline

Introduction

Plant–bacteria interactions are long known and have

three well-differentiated manifestations. The first is a

direct relation between plants and pathogenic bacteria

(for instance, Agrobacterium spp., Erwinia spp.,

Ralstonia spp., etc.), causing a state of disease. In

this case the consequences for the plant are negative.

A second type is a direct interaction between plants

and non-pathogenic bacteria (for example, Azorhizo-

bium, Bradyrhizobium, Rhizobium, Sinorhizobium,

etc.), leading to a beneficial association for both

partners. This interaction is a mutualistic symbiosis,

yielding positive effects for the plant. These two

types of interactions arise as a consequence of fine-

tuned molecular signalling between the bacteria and

the plants. However, the ultimate boundaries between

a mutualistic and a pathogenic interaction can be

fuzzy, and the recognition and signal-transduction
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processes leading to the plant response may be

similar for both types of interactions (Baron and

Zambryski 1995; Soto et al. 2006). Thus, studies on

the Sinorhizobium meliloti-alfalfa mutualistic symbi-

osis have independently shown: (i) induction by

bacteria of a hypersensitive response (HR) in com-

patible interactions that could be part of a plant

mechanism to control the number of successful

infections (Vasse et al. 1993); (ii) prevention of host

defence response by rhizobia (McKhann et al. 1997);

or (iii) accumulation of salicylic acid (SA) and H2O2

in roots inoculated with either Nod� (nodulation)

mutants or incompatible rhizobia in contrast with the

inoculation with compatible strains, suggesting an

involvement of the Nod factors in the inhibition of

SA-mediated defence response in legumes (Martı́nez-

Abarca et al. 1998; Bueno et al. 2001). These findings

show a resemblance between mutualistic Rhizobia-

legume and pathogenic bacteria–plant interactions.

The third type of interaction that numerous bacterial

genera (e.g. Alcaligenes spp., Bacillus spp., Pseudo-

monas spp., Serratia spp., etc.) establish with plants

in principle could be considered as neutral for the

plant. Strictly speaking, they do not fit to the

definition of pathogenic or mutualistic bacteria,

because of the absence of the evident negative or

positive effects. However, there has been an increas-

ing body of literature that describes these bacteria as

clearly beneficial to plants, either because they

directly promote plant growth (Glick 1995; Bashan

and Holguin 1998) or they protect plants against a

broad range of phytopathogens and pests (Kerry

2000; Ramamoorthy et al. 2001; Gerhardson 2002).

Direct plant growth-promoting effects of bacteria that

inhabit the rhizosphere have been attributed to

provision of nutrients, microelements, hormones,

etc., to the plant. These bacteria seem therefore to

exert their positive effects by a non-active way,

colonizing the surface of plant tissues and providing

profitable compounds to the plant. Some of these

bacteria go a step further and intimately establish

within plant tissues as endophytes (Rosenblueth and

Martı́nez-Romero 2006), without causing any evident

damage or morphological changes in the plant.

Whether this endophytic establishment is the conse-

quence of an active interaction between plant and

bacterium is poorly investigated, although the genome

sequencing of some of them, as Azoarcus sp., will be

instrumental in explaining their behaviour (Krause

et al. 2006). Some of these beneficial bacteria do

induce plant responses other than growth promotion.

For example, they can promote a state of enhanced

defensive capacity against pathogen attack (Sticher

et al. 1997; van Loon et al. 1998). Protection against

plant pathogens can also be a consequence of direct

antagonistic interactions between beneficial bacteria

and pathogens. In this case, the rhizosphere is just the

ecological niche where beneficial bacteria and delete-

rious microorganisms live, feed and encounter. Even-

tually, the plant becomes the battle-field where the

beneficial and deleterious organisms compete for

resources. Obviously the consequences can be of

extreme importance for the plant, and it is likely that

the plant somehow influences the development and

results of these microbial interactions.

This review will focus on the interaction of plant

roots with beneficial Pseudomonas spp., a group of

bacteria that has been studied for direct plant-growth

promotion as well as their abilities to control plant

diseases (O’Sullivan and O’Gara 1992). Both aspects

confer this bacterial group as an alternative for

replacing (or reducing) the use of agrochemicals,

which fits environmentally-friendly strategies to be

implemented in a modern sustainable agriculture

framework. Understanding the interactions between

the plant, beneficial pseudomonads, and plant patho-

gens are of crucial importance to overcome practical

problems such as the inconsistency of biocontrol

performance.

Beneficial (non-deleterious) Pseudomonas spp.

specified

Pseudomonas spp. form a diverse group of aerobic,

Gram-negative, chemoheterotrophic, motile, rod-

shaped bacteria. Of particular interest to this review

is the subset of RNA group I (Palleroni et al. 1973)

species characterized by the distinctive production

of yellow-green fluorescent pigments with sidero-

phore activity (pyoverdins or pseudobactins) (see

below). They are very versatile bacteria, found

abundantly and ubiquitously in nature, and well-

adapted to numerous ecological niches due to rather

simple nutritional requirements. Members of this

group are important as human, animal and plant

pathogens and in food spoilage. The genomes of

several Pseudomonas spp. are available (Stover
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et al. 2000; Nelson et al. 2002; Paulsen et al.

2005), revealing genome sizes larger (>5,500

ORFs) than most other sequenced bacterial

genomes, although similar or even smaller than

genome sizes of other plant-associated bacteria (i.e.

Agrobacterium tumefaciens, Sinorhizobium meliloti

or Mesorhizobium loti) (Van Sluys et al. 2002).

Pseudomonads interacting with plants include phy-

topathogens grouped in the species Pseudomonas

syringae. This species is subdivided into pathovars

on the basis of host specificity, and they are the

aetiological agents of leaf spots, blights, and wilts

in susceptible host plants (Gardan et al. 1991,

1999; Young and Triggs 1994). Other members (for

example, certain P. fluorescens P. putida, or

P. aeruginosa strains) are known to be beneficial

to plants. Some strains have been recognized for a

long time as biocontrol agents (Howell and Stipa-

novic 1980; Lifshitz et al. 1986; Xu and Gross

1986; Weller 1988). They are also known as plant

growth promoting rhizobacteria (PGPR), either

per se or as a consequence of their abilities to

control disease (Burr et al. 1978; Kloepper et al.

1980; Suslow and Schroth 1982; Gardner et al.

1984; Geels et al. 1986; Weller and Cook 1986;

Van Peer and Schippers 1988). The number of

plant-associated Pseudomonas spp. strains that have

been described to stimulate plant growth or

suppress plant diseases is growing, and knowledge

of mechanisms involved is continuously increasing.

In this review, we consider as beneficial those

species or strains of Pseudomonas that improve the

fitness of host plants, including those that penetrate

and colonize internal tissues without provoking any

deleterious effect; that is, establishing an associa-

tion which de facto could be considered as

mutualism.

First steps in the beneficial Pseudomonas–plant

interaction: plant colonization

All beneficial traits that Pseudomonas spp. can

potentially provide to plants would be worthless if

a fundamental prerequisite is not fulfilled: the

successful establishment and persistence of the

bacteria in the rhizosphere or within plant root

tissues. Successful colonization by a given soil

inhabiting pseudomonad is a consequence of a

complex, continuous and delicate balance among a

large array of biotic (the plant, the beneficial

colonizer, other microorganisms, etc.) and abiotic

(soil type, water and mineral contents, pH, temper-

ature, composition of root exudates, nutrient avail-

ability, etc.) factors (Loper et al. 1985; Acea and

Alexander 1988; Bahme and Schroth 1987; Howie

et al. 1987; Kwok et al. 1987; Stephens et al. 1987;

Lam 1990). To determine the contributions of these

factors as well as their interactions is of crucial

importance, and gaps in this knowledge may

explain why practical application of PGPR suffers

from inconsistent performance (Thomashow 1996).

In the hostile and nutrient-limiting bulk soil

environment, plant roots and their immediate

vicinity are extremely attractive places for both

beneficial and deleterious soil borne microbes. The

roots and the rhizosphere offer an ecological niche

that provides an important source of a wide range

of nutrients (Degenhardt et al. 2003). The estab-

lishment of the microbe–plant interaction is pre-

ceded by movement of the f ree- l iv ing

microorganisms toward the plant roots. Chemotaxis

to attractants which are present in plant root

exudates can be important in the establishment of

bacterial cells in the rhizosphere (Bais et al. 2004;

Welbaum 2004). Beneficial Pseudomonas spp.

chemotactically reach root surfaces thanks to

flagellar motility (De Weger et al. 1987; Turnbull

et al. 2001a, b; De Weert et al. 2002). Thus

motility appears an essential trait involved in root

colonization, as was revealed by the use of motility

mutants (Simons et al. 1996; Dekkers et al. 1998b;

Capdevila et al. 2004; Martı́nez-Granero et al.

2006). In contrast, other studies have indicated that

flagella may have only a minor role in colonization

(Howie et al. 1987; Scher et al. 1988). Subse-

quently competition for nutrients selects the best

adapted individuals, giving them advantage in

successive root colonization steps. The major study

in understanding how beneficial Pseudomonas

strains colonize plant roots is the one carried out

by Lugtenberg and associates (Lugtenberg and

Dekkers 1999; Lugtenberg et al. 2001). Indeed,

in-depth knowledge has been gathered over the last

decades on environmental factors and bacterial

traits involved in root colonization of several PGPR

Pseudomonas spp. strains. One of the best studied

examples is P. fluorescens WCS365. This strain
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originates from potato (Solanum tuberosum L.)

(Geels and Schippers 1983), and is a good colo-

nizer of both potato (Brand et al. 1991) and tomato

(Lycopersicon esculentum L.) (Simons et al. 1996)

roots. Strain WCS365 controls tomato foot and root

rot caused by Fusarium oxysporum f. sp. radicis-

lycopersici (Dekkers et al. 2000). In addition to

flagellar motility, bacterial lipopolysaccharides

(LPS), particularly the O-antigen, a high bacterial

growth rate, vitamin B1 synthesis ability, and

exudation of NADH dehydrogenase are also con-

tributing factors in root colonization of P. fluores-

cens WCS365 (Simons et al. 1996; Dekkers et al.

1998b; Camacho-Carvajal et al. 2002). As for the

use of carbon sources present in root exudates,

tomato root colonization by WCS365 is not deter-

mined by its ability to use specific sugars

(Lugtenberg et al. 1999). However, amino acid

(leucine, arginine, histidine, valine, isoleucine and

tryptophan) synthesis is essential for effective root

colonization of P. fluorescens WCS365 (Simons

et al. 1997). On the contrary, the presence of the

polyamine putrescine negatively affects the com-

petitive root colonization ability of this strain

(Kuiper et al. 2001). Finally, strain WCS365 has

a sss (P. aeruginosa)/xerC (Escherichia coli)

homologue that encodes a site-specific recombinase

that has been shown to be important for compet-

itive colonization of potato, tomato and wheat

(Triticum aestivum L.) rhizospheres (Dekkers et al.

1998a). This site-specific recombinase plays a key

role in a regulatory process for DNA rearrange-

ments that causes phase variation (Höfte et al.

1994). The action of site-specific recombinases

influencing colonization traits has been also dem-

onstrated in P. fluorescens biocontrol strains F113

(Martı́nez-Granero et al. 2005) and Q8r1-96

(Mavrodi et al. 2006). Phase variation (reviewed

by Van den Broek et al. 2005a) can affect

bacterial traits related to root colonization (Sánchez-

Contreras et al. 2002; Martı́nez-Granero et al. 2006)

and biocontrol activity (Van den Broek et al. 2003).

Taken together these findings, it can be concluded

that root colonization, and the bacterial traits impli-

cated in this process, plays a crucial role in

biocontrol (Chin-A-Woeng et al. 2000). In addition,

improvement of the colonization ability of poor root

colonizing Pseudomonas strains can be achieved, for

example, by the transfer of the site-specific recom-

binase gene (Dekkers et al. 2000).

Getting intimate: endophytic beneficial

Pseudomonas spp.

Some plant-associated microorganisms can go a step

further in their colonization abilities. Endophytism

can be considered as a universal phenomenon, and

probably all plants harbour endophytic bacterial

species (Strobel et al. 2004; Rosenblueth and Martı́-

nez-Romero 2006). Several excellent reviews have

been published on bacterial endophytes and prospects

on utilizing them for plant-growth promotion, bio-

logical control of pathogens and pests, and exploita-

tion of their natural products in agriculture, industry

and/or medicine (Hallmann et al. 1997; Sturz et al.

2000; Lodewyckx et al. 2002; Strobel and Daisy

2003; Strobel et al. 2004; Compant et al. 2005; Gray

and Smith 2005; Rosenblueth and Martı́nez-Romero

2006). Here, we will only refer to PGPR pseudomo-

nads that can penetrate into the roots establishing an

endophytic relation. Reinhold-Hurek and Hurek

(1998) have indicated the criteria for proper recog-

nition of endophytic bacteria which go beyond

isolation from surface-disinfected plant tissues. A

correct assessment of endophytic status must be

supported, for example, by microscopic proof and by

the capacity of the endophyte to re-infect disinfected

seedlings (Rosenblueth and Martı́nez-Romero 2006).

The current known endophytic bacteria only repre-

sent a minor part of endophytic populations inhabit-

ing plant tissues. This fact becomes evident after

compiling the continuously growing list of results

obtained from culturing-independent identification

methods. These reports usually show larger and more

diverse bacterial communities than those obtained

from culturing on microbiological media (Sessitsch

et al. 2002; Conn and Franco 2004; Miyamoto et al.

2004). However, there are some exceptions, and

results obtained from culturing or culture-indepen-

dent methods may show no significant differences, as

Cankar et al. (2005) have shown for Pseudomonas

spp. and other endophytic bacteria in Norway spruce

(Picea abies L. Karst) seeds. Non-pathogenic, endo-

phytic Pseudomonas spp. have been identified and/or

isolated from numerous plant species (cultivated or
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not, herbaceous or woody), from diverse geograph-

ical origins, as well as from different plant organs and

tissues. Some examples of plant species in which

endophytic populations of Pseudomonas spp. have

been detected are listed in Table 1. Endophytic

beneficial or neutral Pseudomonas spp. are detected

as part of complex bacterial consortia present in

different plant tissues. Sometimes, they are the

predominant bacteria, in other cases they are just

minor components of the endophytic microflora.

Plant health management can take advantage of

mutualistic endophytic microorganisms to establish,

for example, in planta suppressiveness (Sikora 2006).

It is not well established whether endophytism is

advantageous to the bacterium (Rosenblueth and

Martı́nez-Romero 2006), although it is assumed that

once endophytic the cells are less exposed to biotic

and abiotic stresses (Hallmann et al. 1997). Benefits

for the plant provided by endophytic, non-pathogenic

Pseudomonas spp. have been demonstrated. For

example, plant growth promotion exerted by Pseu-

domonas, usually in combination with other endo-

phytic bacterial genera, has been reported in soybean

(Kuklinsky-Sobral et al. 2004), rice (Adhikari et al.

2001), oilseed rape and tomato (Nejad and Johnson

2000), and hybrid spruce (Picea glauca · engelman-

nii) (Chanway et al. 2000). It might well be that the

presence of mutualistic endophytic bacterial consortia

enhance plant growth, although the contribution of

each bacterium is unknown. Thus, presence of a large

number of bacterial genera (including Pseudomonas)

in root nodules of spontaneous legumes has been

reported, although they do not induce nodule forma-

tion (Zakhia et al. 2006). The mechanisms by which

endophytic Pseudomonas spp. promote plant growth

can be diverse. They could be a direct consequence of

providing (micro)nutrients, minerals, phytohormones,

etc. to the plant. For example, growth promotion of

Table 1 Examples of plant species and plant parts in which endophytic Pseudomonas spp. have been detected

Plants species Plant part Reference

Brassica napus L. (canola, oilseed rape) Roots Misko and Germida (2002)

Calystegia soldanella L. Roots, rhizosphere Park et al. (2005)

Citrus sinensis [L.] Osbeck (orange) Stems Lacava et al. (2006)

Coffea arabica L. (coffee) Leaves, berries, etc. Vega et al. (2005)

Croccus albiflorus Kit (crocus) Aerial parts Reiter and Sessitsch (2006)

Daucus carota L. (carrot) Roots Surette et al. (2003)

Elymus mollis Trin. Roots, rhizosphere Park et al. (2005)

Glycine max L. (soybean) Leaves, stems, roots Kuklinsky-Sobral et al. (2005)

Gossypium hirsutum L. (cotton) Roots Mcinroy and Kloepper (1995)

Hedysarum spp. Root nodules Benhizia et al. (2004)

Oryza sativa L. (rice) Stems, roots Yang et al. (1999) and Adhikari et al. (2001)

Picea abies L. Karst (Norway spruce) Seeds Cankar et al. (2005)

Picea glauca x engelmannii (hybrid spruce) Stems, roots Chanway et al. (2000)

Pinus sylvestris L. (Scots pine) Meristematic bud tissues Pirttilä et al. (2004)

Pisum sativum L. (pea) Stems Elvira-Recuenco and Van Vuurde (2000)

Populus trichocarpa x deltoides cv. Hoogvorst

(poplar tree)

Xylem sap Germaine et al. (2004)

Solanum sp. Rootstocks Long et al. (2004)

Solanum tuberosum L. (potato) Stems, roots, endorhiza, endosphere Garbeva et al. (2001) and Berg et al. (2005)

Tagetes spp. (marigolds) Roots Sturz and Kimpiski (2004)

Ulmus spp. (elm trees) Stems, roots Mocali et al. (2003)

Vitis vinifera L. (grapevines) Xylem sap Bell et al. (1995)

Diverse spontaneous legumes Root nodules Zakhia et al. (2006)
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two soybean cultivars has been associated to produc-

tion of indole acetic acid (IAA) and solubilization of

mineral phosphate by endophytic bacteria, including

Pseudomonas representatives (Kuklinsky-Sobral

et al. 2004). On the other hand, plant growth

promotion by endophytes can be due to control of

phytopathogens. However, a contrasted in planta

endophytic biocontrol activity is not always demon-

strated, and some studies only provide data from

in vitro antagonism bioassays between the isolated

endophyte and the pathogen. Nonetheless, there are

good examples of biocontrol activity promoted by

endophytic pseudomonads in different pathosystems,

although the mechanism(s) involved still need to be

elucidated. For example, three endophytic Pseudo-

monas spp. strains (P. fluorescens, P. tolaasii and

P. veronii) significantly enhance plant growth in the

absence of pathogens, but also reduce seedling

diseases of rice caused by Achlya klebsiana and

Pythium spinosum (Adhikari et al. 2001). An endo-

phytic isolate of P. corrugata controls population

numbers of Agrobacterium vitis, the causal agent of

grape crown gall disease (Bell et al. 1995). Two

P. putida strains were effective in reducing disease

severity of cotton vascular wilt caused by Fusarium

oxysporum f. sp. vasinfectum (Chen et al. 1995).

Endophytic isolates of P. denitrificans and P. putida

from Quercus fusiformis Small. can reduce oak wilt

disease (Ceratocystis fagacearum) and/or crown loss

(Brooks et al. 1994). Finally, potato endophytic

P. fluorescens strains are effective as biological

agents against Rhizoctonia solani in potato and

lettuce (Lactuca sativa L.) (Grosch et al. 2005). In

all these cases the in situ activity of endophytes as

related to biological control is very difficult to

demonstrate. In this sense, it is very interesting that

in planta synthesis and deposition of 2,4-diacetylphl-

oroglucinol (DAPG) crystals in tomato roots by the

endophytic P. fluorescens strain FPT9601 has been

reported (Aino et al. 1997), suggesting that an

important biocontrol trait like production of antibiot-

ics is actively expressed in this environment.

Mechanisms involved in the endophytic coloniza-

tion by beneficial Pseudomonas spp. are also largely

unknown. As for other endophytes, it could be

assumed that diverse cell wall-degrading enzymes

are involved (Hallmann et al. 1997; Compant et al.

2005). Similarly, bacterial penetration at sites of root

injury or zones of emergence of lateral roots or zones

of elongation and differentiation of the root seems

likely (Rosenblueth and Martı́nez-Romero 2006). In

P. fluorescens biocontrol strain WCS417, it has been

reported that the O-antigen of LPS is involved in

endophytic colonization of tomato roots (Duijff et al.

1997). These authors suggested that colonization of

internal root tissues is related to the induction of

resistance exerted by this strain. Once the internal

colonization is established, little is known about

changes that non-deleterious endophytic Pseudomo-

nas induce in the host plant, except for the thoroughly

studied phenomenon of induction of disease resis-

tance (see below). Recently, Wang and associates

(2005) have studied the gene expression profile

induced by the plant growth-promoting strain P. flu-

orescens FPT9601-T5 in the model plant Arabidopsis

thaliana. This strain is endophytic on both tomato

and Arabidopsis roots. Interestingly, this work

revealed that upon root colonization by strain

FPT9601-T5, 95 Arabidopsis genes were up-regu-

lated (involved in metabolism, signal transduction,

stress response, and particularly interesting, putative

auxin-regulated genes and nodulin-like genes) and

105 genes were down-regulated (among them, some

ethylene-responsive genes). The microarray analysis

presented by these authors suggested similarities

among rhizobacteria, endophytic PGPR and, in

certain aspects, to rhizobia. A similar approach was

used by Verhagen and associates (2004) who studied

transcriptome changes in Arabidopsis upon induction

of systemic resistance (see below) by P. fluorescens

WCS417r. However, although WCS417r has been

reported as endophytic in tomato, possible endo-

phytic behaviour of this strain has not been studied in

Arabidopsis. So far information on bacterial gene

expression in the endosphere is not available. How-

ever, it is expected that in vivo expression technology

(IVET) and additional genomic tools will develop for

endophytic studies, similarly as they have been used

for studying in vivo gene expression in rhizosphere

Pseudomonas strains (Rainey 1999; Ramos-González

et al. 2005).

From the initial sites of penetration (either by

natural ways or by artificial inoculation), endophytic

pseudomonads may spread internally to distant parts

of the plant, colonizing both under- and aboveground

tissues and organs. Rapid vascular transport from the

roots to aerial tissues was suggested as an explanation

for the extensive internal colonization in several plant
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species by P. aureofaciens strain L11 (Lamb et al.

1996). The fate, composition and distribution of the

endophytic bacterial community can be affected by

different parameters. For example, certain crop

management strategies can strongly influence the

resident endophytic microflora. The use of glyphosate

herbicide before planting soybean modified endo-

phytic bacterial population, P. oryzihabitants being

one of the two bacterial species that could be

recovered from soybean plants by glyphosate enrich-

ment isolation (Kuklinsky-Sobral et al. 2005). More-

over, anthropogenic influences may determine the

composition of bacterial endophytes, the interaction

among them, and between them and the host plant. In

this sense, Benhizia and associates (2004) suggested

that management of legumes could explain differ-

ences observed for the endophytic bacteria, including

Pseudomonas sp., hosted in nodules of several wild

Hedysarum spp. compared with those of the related

crop plant H. coronarium L. In addition, the presence,

composition, diversity, abundance and functionality

of endophytic Pseudomonas spp. are determined by

factors such as the genotype of the host plant

(Siciliano and Germida 1999; Germida and Siciliano

2001; Reiter et al. 2003), growth temperature (Pillay

and Nowak 1997), presence and interaction with

plant pathogens (Hallmann et al. 1998; Reiter et al.

2003), seasonal temperature variations (Mocali et al.

2003), plant organ (Mocali et al. 2003) or tissue

growth stage (Pirttilä et al. 2005).

Pseudomonas spp. traits involved in plant growth

promotion and plant protection

Once a beneficial Pseudomonas strain has been able

to colonize a host plant, it might be able to display a

wide array of activities contributing to plant fitness.

As mentioned, the consequences are promotion of

plant growth per se or protection against plant

pathogens, resulting in enhanced plant growth

(Fig. 1). Suppression of disease by pseudomonads is

mediated by direct antagonistic effects on the path-

ogen or by induced systemic resistance (ISR).

Competition for nutrients, microelements (predomi-

nantly Fe3+), and antibiosis can be exerted without

interacting with the plant. Expression of Pseudomo-

nas antibiotic and siderophore biosynthesis genes in

the rhizosphere has been demonstrated (for example,

Wood et al. 1997; Loper and Henkels 1999; Notz

et al. 2001; Seveno et al. 2001). Similarly, it has been

reported that this expression can be strongly affected

by environmental, microbial or plant factors (Slinin-

ger and Sheawilbur 1995; Duffy and Défago 1999;

Loper and Henkels 1999; Notz et al. 2001). The

involvement of ISR in disease suppression implicates

a direct communication between the bacteria and the

plant. It is interesting to remark, that signal trans-

duction pathways in plants upon Pseudomonas spp.

contact are much better known (van Loon et al. 1998;

Pieterse et al. 2003) than the bacterial traits involved

in triggering such defence responses (Bakker et al.

2003, 2007). We will review the current knowledge

on Pseudomonas traits that play a role in suppression

of plant diseases.

Competition for iron: production

of siderophores by beneficial Pseudomonas spp.

Due to the fact that iron, despite its abundance in

Earth’s crust, is largely unavailable for microbial

assimilation, microorganisms have developed a strat-

egy to scavenge available iron. This is particularly

important for bacteria living in soil, an environment

that provides iron (Fe3+) at only about 10�18 M. This

strategy involves the carefully iron-regulated biosyn-

thesis and secretion of high-affinity, low-molecular-

weight iron-chelating ligands called siderophores, as

well as the production of proteins receptors for the

recognition of the ferric siderophores. Production of

both receptors and cognate siderophores are induced

during iron-limiting growth and repressed by high

concentrations of iron. Siderophores show a wide

structural diversity and can be classified according to

their main iron chelating groups (Höfte 1993). The

production of siderophores by plant-associated bac-

teria has received major attention because of their

role in both biological control of diseases and in

virulence of plant-pathogens (Neilands and Leong

1986; Loper and Buyer 1991). This is particularly

true for siderophores of Pseudomonas spp., which are

produced in a large variety to sustain survival and

growth of bacterial cells under iron-limiting condi-

tions. Possibly, production and utilization of sidero-

phores are evolutionary responses to the diverse and

often adverse habitats in which these bacteria live

(Ishimaru and Loper 1993). Pyoverdines (or pseudo-

bactins) are the prevalent class of siderophores
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produced by fluorescent Pseudomonas spp. They are

yellow-green water-soluble chromopeptides, fluores-

cent under ultraviolet irradiation (k = 366 nm), and

with a rather complex structure compared to that of

most of the microbial siderophores described. They

have both catechol and hydroxamate groups that

chelate iron (Leong 1986). Their molecular struc-

tures, gene clusters responsible for biosynthesis,

excretion and uptake, and their regulation have been

extensively studied and reviewed (Crosa 1997; Meyer

2000; Ravel and Cornelis 2003). Differences in the

number and composition of the amino acids present

in the peptide chain of a given pyoverdine-type

siderophore are characteristics of the Pseudomonas

species or strain that biosynthesizes it (Höfte 1993;

Fuchs et al. 2001). Environmental conditions and

composition of root exudates may influence pyover-

dine (as well as other siderophores) production on/

within plant tissues, thus stimulating or abolishing

any effect on either plant-growth promotion or plant

protection potential capabilities exerted by them.

Certain Pseudomonas strains are also capable of

using heterologous siderophores for their iron supply

(Bakker et al. 1988; Jurkevitch et al. 1992; Mirleau

et al. 2000). This strategy confers them important

selective advantages in iron-limiting conditions:

economization of metabolic efforts, increased eco-

logical fitness and competitiveness in the rhizosphere,

better root and soil colonization ability, and, as a

derived consequence, enhanced capabilities for sup-

pressing plant diseases. This strategy also implies the

induction of outer membrane proteins specific for the

exogenous siderophores. For example, the PGPR

P. putida strain WCS358 (Geels and Schippers 1983)

has the ability of using its own siderophore (pseud-

obactin-358) through a receptor that is highly specific

for it (Bitter et al. 1991), as well as to utilize a large

variety of heterologous siderophores through addi-

tional receptors (Koster et al. 1993). In contrast,

pseudobactin-358 can only be utilized by a small

number of pseudomonads (Marugg et al. 1989;

Bakker et al. 1990; Raaijmakers et al. 1994).

Obviously, this confers an enhanced rhizosphere

competence to strain WCS358 against other soil-

inhabiting pseudomonads. In addition, the ability to

use exogenous siderophores can be engineered by the

transfer and expression of siderophore receptor or

iron-regulated siderophore promoter genes in heter-

ologous genetic backgrounds (Loper and Henkels

1999). By implementing this strategy, rhizosphere

competence or ecological fitness of the bacteria could

be enhanced in some cases (Raaijmakers et al.

1995b).

Besides pyoverdines, some plant beneficial Pseu-

domonas spp. strains may produce one or more

different types of siderophores (Meyer et al. 1992;

Buysens et al. 1996; Boopathi and Rao 1999;

Mercado-Blanco et al. 2001; Lim et al. 2002).

Another compound with siderophore activity that

can be produced under iron limitation by Pseudomo-

nas spp. is salicylic acid (SA; 2-hydroxybenzoic acid)

(Akenbauer and Cox 1988; Meyer et al. 1992; Visca

et al. 1993; Anthoni et al. 1995; Leeman et al. 1996).

SA is also the precursor or intermediate in the

biosynthesis of siderophores, such as pyochelin and

dihydroaeruginoic acid in P. aeruginosa (Cox et al.

1981; Serino et al. 1995, 1997) or pseudomonine in

P. fluorescens (Anthoni et al. 1995; Mercado-Blanco

Fig. 1 Increased radish growth after seed treatment with

P. fluorescens WCS374 in a commercial greenhouse naturally

infested with Fusarium oxysporum f.sp. raphani. The middle

and right field plots were sown with non-treated and coating-

treated radish seeds, respectively, whereas in the plot on the

left seeds sown were coated with cells of WCS374 (Leeman

et al. 1995b)
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et al. 2001). In the PGPR P. fluorescens WCS374

(Geels and Schippers 1983) genes responsible for SA

biosynthesis (pmsB and pmsC) have been identified

(Mercado-Blanco et al. 2001). Interestingly, the

expression of the pmsB gene (coding for an isoch-

orismate pyruvate lyase) in chloroplasts of tobacco

transgenic plants, produced increased accumulation

of SA and SA glucoside, constitutive expression of

acidic pathogenesis-related (PR) proteins, and en-

hanced pathogen resistance in these plants (Verberne

et al. 2000).

Involvement of siderophores produced by Pseu-

domonas strains in suppression of diseases is variable

and sometimes even controversial. It has been

suggested that siderophores are antagonistic by

means of sequestering iron from the environment,

thereby limiting iron availability for the pathogen

(Bakker et al. 1986; Loper and Buyer 1991).

Lemanceau et al. (1992, 1993) attributed pseudobac-

tin-358 production to the capacity of P. putida

WCS358 to suppress Fusarium wilt of carnation.

Moreover, this pyoverdine siderophore seemed to be

responsible of the enhanced disease suppression

exerted by a combination of WCS358 with a non-

pathogenic F. oxysporum strain. The involvement of

Pseudomonas siderophores in disease suppression has

also been demonstrated, for example, against Fusa-

rium wilt of radish (Raphanus sativus L.) (Raaijmak-

ers et al. 1995a), Pythium damping-off (Buysens et al.

1996) and Botrytis cinerea (Audenaert et al. 2002) in

tomato. In some pathosystems like Pythium damping-

off of cucumber (Cucumis sativus L.), (Kraus and

Loper 1992), Pythium aphanidermatum root rot of

cucumber (Ongena et al. 1999), and take-all of wheat

caused by Gaeumannomyces graminis var. tritici

(Thomashow and Weller 1990; Hamdan et al. 1991),

Pseudomonas siderophores play no or only a minor

role in disease suppression.

Besides its involvement in biocontrol activity,

production of siderophores by beneficial Pseudomo-

nads spp. can also affect iron plant nutrition. These

effects are dependent on the plant species, the

siderophore-producer Pseudomonas strain, and the

experimental conditions. For example, in experiments

performed under gnotobiotic conditions iron uptake

in pea and maize was inhibited by purified pseudob-

actin (Becker et al. 1985). In other experiments, lime-

induced chlorosis amelioration was achieved when

ferric pyoverdines were amended in pot bioassays

(Jurkevitch et al. 1986, 1988). Dicot and monocot

plants may vary in their iron uptake rates from

P. putida Fe-pseudobactin (Barness et al. 1991).

None or little influence on Fe acquisition by oat

(Avena sativa L.) plants grown in a calcareous soil

was found when the roots were inoculated with

Pseudomonas strains that produce high amounts of

siderophores (Alexander and Zuberer 1993). In

hydroponically-grown barley seedlings (Hordeum

vulgare L.), ferric pseudobactin-358 was efficiently

used as an iron source, and the chlorophyll synthesis

was stimulated (Duijff et al. 1994b). In carnation

(Dianthus caryophyllus L.) ferric pseudobactin-358

had differential effects on two cultivars that differed

in their ferric reducing activity, and stimulated

chlorophyll synthesis in the cultivar with the highest

activity (Duijff et al. 1994a). Pot-grown mung bean

plants (Vigna radiata L. Wilzeck) shown enhanced

chlorophyll levels, reduction of chlorotic symptoms,

and significant increases in total and physiological

available iron when plants were treated with a

siderophore-producing Pseudomonas sp. strain (Shar-

ma et al. 2003). Promotion of rootlet elongation was

achieved when cucumber seedlings were inoculated

with siderophore-producer Pseudomonas strains (De

Bellis and Ercolani 2001). Finally, siderophore

producing pseudomonads can also be influenced by

plant phytosiderophores. For example, the degree of

iron stress in different plant rhizospheres of an

engineered derivative of P. fluorescens Pf-5 was

shown to be dependent on the iron-efficiency of the

plant and on the amounts of plant-produced phytos-

iderophores (Marschner and Crowly 1998).

Antibiosis

One of the few modes of action of fluorescent

Pseudomonas spp. that have been documented to be

involved in natural suppression of disease in so called

‘‘disease suppressive soils’’ is inhibition of the path-

ogen through the production of antibiotics. Take-all is a

devastating disease in wheat caused by G. graminis

var. tritici. When wheat is grown in monoculture every

year in the same field and severe outbreaks of take-all

have been observed, a spontaneous decrease in take-all

incidence and severity occurs (take-all decline, TAD),

and this state of TAD is maintained over long time

periods (Weller et al. 2002). An explanation for TAD is

the build up of populations of DAPG producing
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fluorescent Pseudomonas spp. (Raaijmakers and Wel-

ler 1998). High populations of DAPG producing

pseudomonads are detected in TAD soils collected

worldwide, whereas in disease conducive soils their

populations are below population densities of 105

colony forming units (cfu) per gram of root. The

threshold level for root colonization by DAPG pro-

ducing pseudomonads to protect against the take-all

fungus is 105 cfu/g of root (Raaijmakers and Weller

1998). Moreover, DAPG could be detected on wheat

roots from TAD soils by HPLC mass spectrometry in

effective quantities (Raaijmakers et al. 1999). Transfer

of TAD to disease conducive soils by mixing in TAD

soil correlated with transfer of DAPG producing

pseudomonads above the threshold level for disease

suppression (Weller et al. 2002). Taken together these

results strongly suggest that build up of DAPG

producing fluorescent pseudomonads can explain the

phenomenon of TAD. Interestingly the involvement of

antibiotic production in protection of wheat against the

take-all fungus after inundative application of fluores-

cent pseudomonads had been presented in earlier work

from several groups. Thomashow and associates

(Thomashow and Weller 1988; Thomashow et al.

1990) demonstrated that the production of phenazine-

1-carboxylic acid (PCA) is responsible for suppression

of take-all by P. fluorescens. Their approach was to

make mutants of the bacterial strain that are defective

in PCA production and to subsequently complement

the mutants by inserting the wild type genes on a

plasmid, resulting in restoration of PCA production.

The wild-type strain effectively suppressed disease

whereas the mutants did not, and the complemented

mutants again suppressed disease to wild-type levels

(Thomashow and Weller 1988). These results were

elegantly complemented by showing that PCA was

actually produced in the rhizosphere of plants grown

from seed treated with PCA producing pseudomonads

(Thomashow et al. 1990). Since then similar studies

have shown the involvement of a variety of antibiotic

compounds including pyoluterin, phenazine-1-carb-

oxamide, DAPG, pyrrolnitrin, pyocyanine, hydrogen

cyanide, and viscosanamide (excellently reviewed by

Haas and Défago 2005). Recently, cyclic lipopeptide

production by Pseudomonas spp. received major

attention (Raaijmakers et al. 2006) and no doubt many

more new metabolites of Pseudomonas spp. with

antimicrobial activity will be discovered.

Interestingly, metagenomics approaches reveal

that there is a wide array of effective antibiotic

molecules to be discovered in soil ecosystems

(Handelsman 2004). Exploitation of such information

for control of plant pathogens could be achieved by

genetically modifying fluorescent Pseudomonas spp.

strains to produce these antibiotics. Indeed, the

approach to modify strains with antibiotic biosynthe-

sis genes from heterologous strains has resulted in

improved biological control (Voisard et al. 1989;

Timms-Wilson et al. 2000; Bakker et al. 2002).

Implementation of such genetically modified micro-

organisms in agricultural practices raises governmen-

tal and public concern about possible effects on

nontarget organisms and functioning of ecosystems.

Several studies, including long-term field studies,

have been undertaken to address such questions and

all studies basically deliver the same answer. Appli-

cation of engineered Pseudomonas spp. strains can

lead to changes, but these are always minor,

especially when compared to common agricultural

practices like crop rotation, and these minor changes

are transient (Glandorf et al. 2001; Bakker et al.

2002; Viebahn et al. 2003, 2005; Blouin-Bankhead

et al. 2004; Timms-Wilson et al. 2004).

Thus, antibiosis is an attractive and powerful mode

of action of PGPR Pseudomonas spp. strains, but one

concern is obviously the occurrence of resistance in the

target pathogen against the particular antibiotic, which

would lead to loss of biocontrol effectiveness. Indeed,

isolates of G. graminis var. tritici that varied in their

sensitivity to PCA and DAPG, were also differentially

sensitive to biocontrol by Pseudomonas spp. strains

producing these antibiotics (Mazzola et al. 1995).

Nevertheless, the phenomenon of TAD appears to be

based solely on production of the antibiotic DAPG but

it is very robust. One explanation could be that the

antibiotics do more than just inhibiting growth and/or

activity of the pathogen. As a matter of fact we will see

below that antibiotic production by fluorescent Pseu-

domonas spp. has been implicated in their ability to

induce systemic resistance in plants.

Induced systemic resistance (ISR)

and Pseudomonas spp. determinants

When appropriately stimulated, plants develop a state

of enhanced defensive capacity that is called induced

376 Antonie van Leeuwenhoek (2007) 92:367–389

123



resistance (Van Loon et al. 1998). ISR was discov-

ered as a mode of action of disease suppression by

PGPR Pseudomonas spp. independently by two

research groups (Van Peer et al. 1991; Wei et al.

1991). In these experiments the PGPR strain and the

pathogen were inoculated, and remained, spatially

separated on the plant (for instance the PGPR on the

root and the pathogen on aboveground plant parts),

thereby excluding direct interactions between the two

populations. Thus, suppression of disease has to be

mediated by the plant. Phenotypically, ISR is similar

to systemic acquired resistance (SAR) that is trig-

gered by necrotizing pathogens. SAR requires accu-

mulation of salicylic acid (SA) in the plant (Sticher

et al. 1997), since in transgenic plants that constitu-

tively express the nahG gene, a P. putida salicylate

hydroxylase gene, SA cannot accumulate and SAR

is not expressed (Gaffney et al. 1993). ISR by

P. fluorescens WCS417r in Arabidopsis thaliana does

not depend on accumulation of SA but is dependent

on intact responses to ethylene and jasmonic acid

(JA) (Pieterse et al. 1998). For P. aeruginosa 7NSK2

on tomato it was demonstrated however that the

signal transduction pathway that is triggered and

leads to ISR against Botrytis cinerea is SA depen-

dent, as ISR was abolished in NahG tomato (Aude-

naert et al. 2002). Interestingly, simultaneously

triggering the SA and the ethylene/JA signaling

pathway in A. thaliana, leads to enhanced disease

suppression (Van Wees et al. 2000). Therefore it is

suggested that combining bacterial traits that trigger

either the SA or the ethylene/JA dependent response

can improve biological control. Exploitation of this

knowledge in a sensible way requires elucidation of

the nature of bacterial triggers of ISR.

Salicylic acid is a Pseudomonas metabolite that

was suggested to trigger induced resistance (Leeman

et al. 1996; De Meyer and Hofte 1997; Maurhofer

et al. 1998). For numerous strains of fluorescent

pseudomonads, SA production under iron limited

conditions has been observed. It is well known that

exogenous application of SA to plants leads to

induced resistance (Sticher et al. 1997). However,

most studies that investigated a role of bacterially

produced SA in induced resistance conclude that it is

not SA itself that is the microbial signal (Press et al.

1997; Audenaert et al. 2002; Ran et al. 2005b).

Interestingly, SA biosynthesis is often linked to the

production of SA containing siderophores, like

pyochelin in P. aeruginosa (Audenaert et al. 2002)

or pseudomonine in P. fluorescens (Mercado-Blanco

et al. 2001), and instead of excreting SA in the

rhizosphere these bacteria may well produce only the

SA containing siderophore. Cases in which SA is the

bacterial signal that triggers induced resistance were

observed when strains were genetically modified to

produce SA. For instance the P. aeruginosa mutant

KMPCH no longer produces pyochelin, but can still

produce SA. For this mutant Audenaert and associ-

ates (2002) clearly demonstrated that production of

SA is the main determinant. Likewise, SA biosyn-

thetic genes expressed in a non SA producing

P. fluorescens strain resulted in improved ISR

(Maurhofer et al. 1998).

Other bacterial determinants of Pseudomonas

spp.-mediated ISR have been reviewed recently

(Bakker et al. 2007) and will only be briefly discussed

here. Like SA, siderophores are produced by fluores-

cent pseudomonads under conditions of iron limita-

tion. Whereas their role in disease suppression was

thought to be mainly competition for iron with the

pathogen (see Sect. ‘‘Competition for Iron...’’),

several studies have suggested that they can be

bacterial signals that trigger ISR. In these studies

purified siderophores triggered ISR (Leeman et al.

1996; Meziane et al. 2005; Ran et al. 2005a), and

mutants defective in siderophore production were less

or noneffective in triggering ISR. In some cases

purified siderophores could trigger ISR, but sidero-

phore mutants were as effective as the wild-type

strain in ISR induction (Leeman et al. 1996; Meziane

et al. 2005). Apparently, multiple determinants of one

Pseudomonas strain can trigger ISR, and this redun-

dancy becomes clear when one trait is knocked out

but the other still leads to effective ISR (Bakker et al.

2003). On the one hand this redundancy hampers

mutant studies on bacterial triggers of ISR, on the

other hand presence of multiple inducing traits leads

to robustness of the system. Additional Pseudomonas

traits that are involved in ISR include, an iron

regulated N-alkylated benzylamine derivative (Onge-

na et al. 2005), the O-antigen of the lipopolysaccha-

rides (LPS) (Van Peer and Schippers 1992; Leeman

et al. 1995a, 1996; Van Wees et al. 1997; Meziane

et al. 2005), and flagella (Meziane et al. 2005). Like

siderophores, the role of antibiotics in biological

control was solely associated with direct inhibition of

the pathogen. For P. aeruginosa 7NSK2 it is now
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apparent that the phenazine antibiotic pyocyanin is

involved in ISR against B. cinerea in tomato

(Audenaert et al. 2002). A very interesting recent

finding for strain 7NSK2 is that the pyocyanin can

have both positive and negative effects on disease

development in rice, depending on the pathogen.

Whereas pyocyanin production by 7NSK2 elicits ISR

against Magnaporte grisea it actually enhances

susceptibility for Rhizoctonia solani, since the wild

type did not protect against R. solani whereas a

pyocyanin mutant did (De Vleesschauwer et al.

2006). The Pseudomonas metabolite DAPG, that

plays a key role in TAD, was also demonstrated to

effectively induce ISR in A. thaliana against Pero-

nospora parasitica (Iavicoli et al. 2003) and against

P. syringae pv. tomato (Weller et al. 2004), and in

tomato against the root-knot nematode Meloidogyne

javanica (Siddiqui and Shoukat 2003). Recently,

additional determinants that influence ISR by fluo-

rescent Pseudomonas spp. were reported, like pro-

duction of N-acyl-l-homoserine lactone (Schuhegger

et al. 2006), 2,3-butanediol (Han et al. 2006b), and

genes involved in diverse functions like a methyl-

accepting chemotaxis protein, biosynthesis of pu-

rines, phospholipase C, transport of branched-chain

amino acids, an ABC transporter, and genes of

unknown function (Han et al. 2006a). The multitude

of determinants of ISR described in a relatively short

time period suggests that many more bacterial

determinants will be discovered.

Who is in charge? Quorum-sensing and gacAgacS

regulatory systems

Many of the beneficial Pseudomonas spp. traits

displayed in interactions with plants are influenced

by major regulatory systems. Quorum-sensing (QS) is

a widespread gene regulatory mechanism identified in

a large number of bacterial species. It plays a crucial

role in the physiology, development and environ-

mental behaviour of bacterial communities. It is

based on the production and utilization of specific,

small signalling molecules called autoinducers,

allowing bacterial cells to communicate. By produc-

ing such signals, and by ‘‘sensing’’ their accumula-

tion, bacteria are able to monitor their population

density, and modify the expression of target genes.

This response may confer, for example, enhanced

environmental and improved defence capabilities to

the entire bacterial community. QS systems regulate

processes such as antibiotic biosynthesis, biofilm

formation, bioluminescence, sporulation, virulence

factor gene expression, etc. (Miller and Bassler 2001;

Bassler 2002; Von Bodman et al. 2003; Venturi

2006). The most common QS molecular signals in

Gram-negative bacteria are N-acyl-homoserine lac-

tones (AHLs), which may differ in the length of the

acyl-chain moiety and the nature of the substitution at

the C3 position (Cámara et al. 1998). However, other

signal molecules have been detected, as the desig-

nated Pseudomonas quinolone signal (PQS) found in

the ubiquitous environmental and opportunistic hu-

man pathogen P. aeruginosa (Pesci et al. 1999). QS

systems are known to be based in the activities of two

proteins belonging to the LuxI and LuxR families.

LuxI-type proteins are cytoplasmic enzymes respon-

sible for the biosynthesis of the intercellular AHLs

signals, and LuxR-type proteins are transcriptional

regulators. How this mechanism operates has been

described and reviewed elsewhere (Fuqua et al. 2001;

Miller and Bassler 2001). QS systems have been

found in Pseudomonas spp., and their regulation has

been studied in detail for some cases (excellently

reviewed by Venturi 2006). Several plant growth-

promoting and biocontrol Pseudomonas species also

produce QS signals. For example, in P. aureofaciens

30-84 two AHL QS systems have been found. The

first one to be reported is the PhzI–PhzR QS system

(Pierson et al. 1994; Wood et al. 1997) which is

involved in the regulation of the phenazine antibiotic

biosynthesis operon phzFABCD. This antibiotic,

when produced in the rhizosphere of wheat, consti-

tutes a key trait for controlling take-all disease. In

addition, strain 30-84 has a second QS system, CsaI–

CsaR, which is not involved in phenazine regulation,

but in both rhizosphere competitiveness and regula-

tion of biosynthesis of cell-surface components

(Zhang and Pierson 2001). The PhzI–PhzR QS

system also regulates the production of the antifungal

metabolite phenazine-1-carboxamide in the plant-

beneficial strain P. chlororaphis PCL1391. Strain

PCL1391 produces additional AHL molecules, but

the genetic determinants for the production and

response of these AHLs remain unidentified (Chin-

A-Woeng et al. 2001, 2005). AHL QS systems have

also been reported in biocontrol strain P. fluorescens

2P24. In this case, the QS system is composed of the
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autoinducer synthase PcoI and the signal receptor

PcoR, which has been shown to be involved in

biofilm formation, colonization of wheat rhizosphere

and in suppressing wheat take-all. Nevertheless, the

biocontrol mechanisms regulated are not yet known

(Wei and Zhang 2006). Finally, AHL QS systems

have been found in P. putida WCS358 and IsoF (a

PGPR and bioremediation strain). The system iden-

tified (PupI–PupR) has shown to be involved in the

positive regulation of biofilm development in strain

IsoF (Steidle et al. 2002), whereas phenotypes

regulated by this system has not yet been found for

strain WCS358 (Bertani and Venturi 2004). Attention

should be given here to the interesting findings from a

broad survey study performed by Elasri and associ-

ates (2001). This work shows that autoinducer signal

production is common among plant-associated Pseu-

domonas isolates, but was not present in free-living

ones. This suggests an important role of AHL QS

systems in plant-Pseudomonas interactions. Whether

the plant can be an active player on some of the

process that bacterial QS system regulate is not

known, but considering their implication on biofilm

formation or on root and/or rhizosphere colonization,

it is tempting to speculate on its influence. For

example, the ability of beneficial Pseudomonas to

colonize and to persist in such ecological niches,

could be somehow interfered with, favoured, or

disrupted by plant determinants. In that sense, it is

known that higher plants can produce and secrete

AHL-interfering compounds, mostly with stimulatory

effects on LuxR-type proteins (Teplitski et al. 2000;

Gao et al. 2003; Bauer and Mathesius 2004).

However, nothing is known about either the nature

of this mimic compounds or their putative interfering

effects with bacterial QS systems. Similarly, for

beneficial endophytic Pseudomonas spp., nothing is

currently known about the possible production of QS

signals inside the plants, or whether this regulatory

mechanism may operate in any process related to

endophytic-mediated plant fitness.

Having shown the involvement of QS systems in

controlling important traits of beneficial pseudomo-

nads, attention should be called here about an upper

level of regulation. Thus, within the regulatory

hierarchy of Pseudomonas spp. biocontrol traits, the

top controlling mechanism is likely the GacS/GacA

two-component system. Downstream to this one, QS

systems and RNA-binding proteins (such as RsmA or

RsmE) and small regulatory RNAs would play

leading roles in the GacS/GacA signal transduction

pathway (Haas and Keel 2003). Indeed, it has been

shown that the GacS/GacA system regulates the

expression of QS systems in, for example, the above-

mentioned strains PCL1391 (Chin-A-Woeng et al.

2000) and 30-84 (Chancey et al. 1999). However, it

must be said that the GacS/GacA system also controls

the expression of important pseudomonads biocontrol

factors, in which AHL signals have not been detected

(for example, Whistler et al. 1998; Bull et al. 2001).

This two-component system consists of a sensor

kinase (GacS) and a cognate response regulator

(GacA). The GacS/GacA system has a decisive

influence in controlling (positively or negatively)

the expression of a number of beneficial Pseudomo-

nas spp. genes involved in plant protection: synthesis

of secondary metabolites with antimicrobial activi-

ties, synthesis and secretion of enzymes, synthesis of

siderophores, impact on cell surface composition,

etc., (reviewed by Heeb and Haas 2001; Haas et al.

2002; Haas and Keel 2003). Although, the informa-

tion lately gathered has improved our knowledge on

how GasS/GacA system may regulate biocontrol

activities in beneficial Pseudomonas, there are still

many questions to be answered (Haas et al. 2002).

Even so, these authors have proposed a signal

transduction pathway model where the GacS/GacA

system, upon GacS sensing of certain signals, upre-

gulates the production of certain regulatory RNAs.

These regulators may subsequently ease the transla-

tional repression of target mRNAs exerted by small

RNA-binding proteins. This would take place when

bacteria are reaching the exponential growth. Indeed,

it has been recently demonstrated that three small

GacA-dependent RNAs (RsmX, RsmY and RsmZ)

are responsible of the posttranscriptional derepression

of biocontrol factors and motility of P. fluorescens

CHA0, with the positive consequence of protecting

cucumber against the oomycete Pythium ultimun.

This effect is produced when RsmA and RsmE RNA-

binding proteins are sequestered by the three small

RNAs. Interestingly, expression of these RNAs takes

place at different bacterial growth moments: RmsX

and RsmY increase along with cell growth, whereas

RsmZ does it during the late growth phase (Kay et al.

2005).

Finally, it is also worthy to mention that different

sigma factors have been shown to play important
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roles in regulating diverse pseudomonads biocontrol

traits. For example, the rpoD gene encoding the

housekeeping sigma factor (r70) in P. fluorescens

CHA0 regulates pyoluteorin and DAPG antibiotics

production, which improves protection of cucumber

against P. ultimun (Schnider et al. 1995). Also for

strain CHA0, Pechy-Tarr and associates (2005) have

shown that the environmental sigma factor RpoN

(r54) is a major regulator of diverse traits important

for biocontrol activity in the same pathosystem.

Likewise, the stationary-phase sigma factor RpoS

(rS) of strain P. fluorescens Pf-5 decisively influences

antibiotics production, biological control activity, and

survival of this strain on surfaces of developing

cucumber seedlings (Sarniguet et al. 1995).

Recent studies are providing new insights into the

complex regulatory network controlling important

biocontrol traits. In the end, the emerging picture is

that new complexities are continuously being added.

An illustrative example of this comes from the work

of Van den Broek and associates (2005b), which

shows that a functional GacA/GacS system, together

with RpoS and MutS (involved in mutation repair),

play a role in phase variation of Pseudomonas sp.

PCL1171. This has important consequences since

phase variation (mediated by sss/XerC-homologues),

whose influence in plant root colonization has already

been mentioned in this review, has also a relevant

regulatory role in biocontrol, both directly (for

example, in siderophore production) and indirectly

(as in motility and root colonization). In addition,

spontaneous mutation in gacA/gacS genes is consid-

ered one of the mechanisms of phenotypic variation

which affects the expression of secondary metabo-

lism, inhibiting, for example, the production of

antimicrobial compounds (Van den Broek et al.

2005a).

Concluding remarks

As discussed in this review, rhizosphere inhabiting

Pseudomonas spp. can reduce plant diseases signif-

icantly and both the modes of action and the bacterial

traits involved are diverse. Some strains of fluores-

cent pseudomonads can establish a mutualistic type

of interaction by colonizing the plant endophytically.

Both the mechanism of entry and unravelling the

specific in planta activities displayed by these

endophytes are as yet unexplored research areas.

Exploring them will undoubtedly yield exciting new

insights in the interactions between plants and

beneficial Pseudomonas spp. Exploitation of the

beneficial effects of these plant growth promoting

Pseudomonas bacteria requires a more thorough

understanding of their functioning in the highly

complex and dynamic rhizosphere environment. As

discussed in the last section, expression of bacterial

traits involved in biological control of plant patho-

gens is tightly regulated and AHL signal molecules

play an intriguing role in this respect. These AHL

molecules have recently also been implicated in the

sensing of bacteria by animals, more specifically

Caenorhabditis elegans (Beale et al 2006). Thus,

these molecules play a role in communication within

and between bacterial populations (Pierson et al.

1998), in communication between bacteria and plants

(Schuhegger et al. 2006) and vice versa (Teplitski

et al. 2000), and between bacteria and a nematode. In

an environment containing all these organisms, like

the rhizosphere, studying these interactions and

predicting their outcome undoubtedly constitutes an

exciting challenge.
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Fuchs R, Schäfer M, Geoffroy V, Meyer JM (2001) Sidero-

typing – a powerful tool for the characterization of py-

overdines. Curr Topics Med Chem 1:31–57

Fuqua C, Parsek MR, Greenberg EP (2001) Regulation of gene

expression by cell-to-cell communication: acyl-homoser-

ine lactone quorum sensing. Annu Rev Genet 35:439–468

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes

S, Ward E, Kessmann H, Ryals J (1993) Requirement of

salicylic acid for the induction of systemic acquired

resistance. Science 261:754–756

Gao M, Teplitski M, Robinson JB, Bauer WD (2003) Pro-

duction of substances by Medicago truncatula that affect

bacterial quorum sensing. Mol Plant-Microbe Interact

16:827–834

Garbeva P, Van Overbeek LS, Van Vuurde JWL, Van Elsas JD

(2001) Analysis of endophytic bacterial communities of

potato by plating and denaturing gradient gel electro-

phoresis (DGGE) of 16S rDNA based PCR fragments.

Microbiol Ecol 41:369–383

Gardan L, Cottin S, Bollet C, Hunault G (1991) Phenotypic

heterogeneity of Pseudomonas syringae van Hall. Res

Microbiol 142:995–1003

Gardan L, Shafik H, Belouin S, Broch R, Grimont F, Grimont

PAD (1999) DNA relatedness among the pathovars of

Pseudomonas syringae and description of Pseudomonas
tremae sp. nov. and Pseudomonas cannabina sp. nov. (ex

Sutic and Dowson 1959). Int J Syst Bacteriol 49:469–478

Gardner JM, Chandler JL, Feldman AW (1984) Growth pro-

motion and inhibition by antibiotic-producing fluorescent

pseudomonads on citrus roots. Plant Soil 77:103–113

Geels FP, Schippers B (1983) Selection of antagonistic fluo-

rescent Pseudomonas spp. and their colonization and

persistence following treatment of seed potatoes. Phyto-

pathol Z 108:193–206

Geels FP, Lamers JG, Hoekstra O, Schippers B (1986) Potato

plant response to seed tuber bacterization in the field in

various rotations. Neth J Plant Pathol 92:257–272

Gerhardson B (2002) Biological substitutes for pesticides.

Trends Biotechnol 20:338–343

Germaine K, Keogh E, Garcı́a-Cabellos G, Borreans B, van der

Lelie D, Barac T, Oeyen L, Vangronsveld J, Moore FP,

Moore ERB, Campbell CD, Ryan D, Dowling DN (2004)

Colonisation of poplar trees by gfp expressing bacterial

endophytes. FEMS Microbiol Ecol 48:109–118

Germida JJ, Siciliano SD (2001) Taxonomic diversity of bac-

teria associated with the roots of modern, recent and an-

cient wheat cultivars. Biol Fert Soils 33:410–415

Glandorf DCM, Verheggen P, Jansen T, Jorritsma J-W, Smit E,

Leeflang P, Wernars K, Thomashow LS, Laureijs E,

Thomas-Oates JE, Bakker PAHM, Van Loon LC (2001)

Effect of genetically modified Pseudomonas putida

WCS358r on the fungal rhizosphere microflora of field-

grown wheat. Appl Environ Microbiol 67:3371–3378

Glick B (1995) The enhancement of plant growth by free-

living bacteria. Can J Microbiol 41:109–117

Gray EJ, Smith DL (2005) Intracellular and extracellular

PGPR: commonalities and distinctions in the plant-bac-

terium signalling processes. Soil Biol Biochem 37:395–

412

Grosch R, Faltin F, Lottman J, Kofoet A, Berg G (2005)

Effectiveness of 3 antagonistic bacterial isolates to control

Rhizoctonia solani Kuhn on lettuce and potato. Can J

Microbiol 51:345–353
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Höfte M (1993) Classes of microbial siderophores. In: Barton

LL, Hemming BC (eds) Iron chelation in plants and soil

microorganisms. Academic Press, San Diego
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Ramos-González MI, Campos MJ, Ramos JL (2005) Analysis

of Pseudomonas putida KT2440 gene expression in the

maize rhizosphere: in vivo expression technology capture

and identification of root-activated promoters. J Bacteriol

187:4033–4041

Ran LX, Li ZN, Wu GJ, Van Loon LC, Bakker PAHM (2005a)

Induction of systemic resistance against bacterial wilt in

Eucalyptus urophylla by fluorescent Pseudomonas spp.

Eur J Plant Pathol 113:59–70

386 Antonie van Leeuwenhoek (2007) 92:367–389

123



Ran LX, Van Loon LC, Bakker PAHM (2005b) No role for

bacterially produced salicylic acid in rhizobacterial

induction of systemic resistance in Arabidopsis. Phyto-

pathology 95:1349–1355

Ravel J, Cornelis P (2003) Genomics of pyoverdine-mediated

iron uptake in pseudomonads. Trends Microbiol 11:195–

200

Reinhold-Hurek B, Hurek T (1998) Interactions of gramineous

plants with Azoarcus spp. and other diazotrophs: identi-

fication, localization, and perspectives to study their

function. Crit Rev Plant Sci 17:29–54

Reiter B, Sessitsch A (2006) Bacterial endophytes of the

wildflower Crocus albiflorus analyzed by characterization

of isolates and by cultivation-independent approach. Can J

Microbiol 52:140–149

Reiter B, Wermbter N, Gyamfi S, Schwab H, Sessitch A (2003)

Endophytic Pseudomonas spp. populations of pathogen-

infected potato plants analysed by 16S rDNA- and 16S

rRNA-based denaturating gradient gel electrophoresis.

Plant Soil 257:397–405

Rosenblueth M, Martı́nez-Romero E (2006) Bacterial endo-

phytes and their interactions wit hosts. Mol Plant-Microbe

Interact 19:827–837

Sánchez-Contreras M, Martı́n M, Villacieros M, O’Gara F,

Bonilla I, Rivilla R (2002) Phenotypic selection and phase

variation occur during alfalfa root colonization by Pseu-
domonas fluorescens F113. Appl Environ Microbiol

184:1587–1596

Sarniguet A, Kraus J, Henkels MD, Muehlchen AM, Loper JE

(1995) The sigma factor rS affects antibiotic production

and biological control activity of Pseudomonas fluores-
cens Pf-5. Proc Natl Acad Sci USA 92:12255–12259

Scher FM, Kloepper JW, Singleton C, Zaleska I, Laliberte M

(1988) Colonization of soybean roots by Pseudomonas
and Serratia species: relationship to bacterial motility,

chemotaxis and generation time. Phytopathology

78:1055–1059

Schnider U, Keel C, Blumer C, Troxler J, Défago G, Haas D

(1995) Amplification of the housekeeping sigma factor in

Pseudomonas fluorescens CHA0 enhances antibiotic

production and improves biocontrol abilities. J Bacteriol

177:5387–5392

Schuhegger R, Ihring A, Gantner S, Bahnweg G, Knappe C,

Hartmann A, Langebartels C (2006) Induction of systemic

resistance in tomato by N-acyl-L-homoserine lactone-

producing rhizosphere bacteria. Plant Cell Environ

29:909–918

Serino L, Reimmann C, Baur H, Beyeler M, Visca P, Haas D

(1995) Structural genes for salicylate biosynthesis from

chorismate in Pseudomonas aeruginosa. Mol Gen Genet

249:217–228

Serino L, Reimmann C, Visca P, Beyeler M, della Chiesa V,

Haas D (1997) Biosynthesis of pyochelin and dihydroae-

ruginoic acid requires the iron-regulated pchDCBA operon

in Pseudomonas aeruginosa. J Bacteriol 179:248–257

Sessitsch A, Reiter B, Pfeifer U, Wilhelm E (2002) Cultiva-

tion-independent population analysis of bacterial endo-

phytes in three potato varieties based on eubacterial and

Actinomycetes-specific PCR of 16S rRNA genes. FEMS

Microbiol Ecol 39:23–32

Seveno NA, Morgan JAW, Wellington EMH (2001) Growth of

Pseudomonas aureofaciens PGS12 and the dynamics of

HHL and phenazine production in liquid culture, on

nutrient agar, and on plant roots. Microb Ecol 41:314–324

Sharma A, Johri BN, Sharma AK, Glick BR (2003) Plant

growth-promoting bacterium Pseudomonas sp. strain

GRP(3) influences iron acquisition in mung bean (Vigna
radiata L. Wilzeck). Soil Biol Biochem 35:887–894

Siciliano SD, Germida JJ (1999) Taxonomic diversity of bac-

teria associated with the roots of field-grown transgenic

Brassica napus cv. Quest, compared to the non-transgenic

B. napus cv. Excel and B. rapa cv. Parkland. FEMS

Microbiol Ecol 29:263–272

Siddiqui IA, Shoukat SS (2003) Suppression of root-knot dis-

ease by Pseudomonas fluorescens CHA0 in tomato:

importance of bacterial secondary metabolite, 2,4-diac-

etylphloroglucinol. Soil Biol Biochem 35:1615–1623

Sikora RA (2006) In-planta supressiveness: implications for

the biological enhancement of crops and healthy root

system. In: Consejerı́a de Agricultura y Agua región de

Murcia (eds) Abstracts of the XIII Congress of the

Spanish Society of Phytopathology, Murcia, Spain, 18–22

September 2006

Simons M, van der Bij AJ, Brand I, de Weger LA, Wijffelman

CA, Lugtenberg BJJ (1996) Gnotobiotic system for

studying rhizosphere colonization by plant growth-pro-

moting Pseudomonas bacteria. Mol Plant-Microbe Inter-

act 9:600–607

Simons M, Permentier HP, de Weger LA, Wijffelman CA,

Lugtenberg BJJ (1997) Amino acid synthesis is necessary

for tomato root colonization by Pseudomonas fluorescens
strain WCS365. Mol Plant-Microbe Interact 10:102–106

Slininger PJ, Sheawilbur MA (1995) Liquid culture pH, tem-

perature, and carbon (not nitrogen) source regulate

phenazine productivity of the take-all biocontrol agent

Pseudomonas fluorescens 2-79. Appl Microbiol Biotech-

nol 43:794–800

Soto MJ, Sánjuán J, Olivares J (2006) Rhizobia and plant-

pathogenic bacteria: common infection weapons. Micro-

biology-SGM 152:3167–3174

Steidle A, Allesen-Holm M, Riedel K, Berg G, Givskov M,

Molin S, Eberl L (2002) Identification and characteriza-

tion of an N-acylhomoserine lactone-dependent quorum-

sensing system in Pseudomonas putida strain IsoF. Appl

Environ Microbiol 68:6371–6382

Stephens PM, O’Sullivan M, O’Gara F (1987) Influence of

bacteriophages on the colonization of strains of Pseudo-
monas fluorescens in the rhizosphere of sugarbeet. Appl

Environ Microbiol 53:1164–1167

Sticher L, Mauch-Mani B, Métraux JP (1997) Systemic ac-

quired resistance. Annu Rev Phytopathol 35:235–270

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P,

Hickey MJ, Brinkman FSL, Hufnagle WO, Kowalik DJ,

Lagrou M, Garber RL, Goltry L, Tolentino E, Westbrock-

Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR,

Kas A, Larbig K, Lim R, Smith K, Spencer D, Wong

GKS, Wu Z, Paulsen IT, Reizer J, Saier MH, Hancock

REW, Lory S, Olson MV (2000) Complete genome se-

quence of Pseudomonas aeruginosa PAO1, an opportu-

nistic pathogen. Nature 406:959–964

Antonie van Leeuwenhoek (2007) 92:367–389 387

123



Strobel G, Daisy B (2003) Bioprospecting for microbial en-

dophytes and their natural products. Microbiol Mol Biol

Rev 67:491–502

Strobel G, Daisy B, Castillo U, Harper J (2004) Natural

products from endophytic microorganisms. J Nat Products

67:257–268

Sturz A, Kimpinski J (2004) Endoroot bacteria derived from

marigolds (Tagetes spp.) can decrease soil population

densities of root-lesion nematodes in the potato root zone.

Plant Soil 262:241–249

Sturz AV, Christie BR, Nowak J (2000) Bacterial endophytes:

potential role in developing sustainable systems of crop

production. Crit Rev Plant Sci 19:1–30

Surette MA, Sturz AV, Lada RR, Nowak J (2003) Bacterial

endophytes in processing carrots (Daucus carota L. var.

sativus): their localization, population density, biodiver-

sity and their effects on plant growth. Plant Soil 253:381–

390

Suslow TV, Schroth MN (1982) Rhizobacteria on sugar beets:

effects of seed application and root colonization on yield.

Phytopathology 72:199–206

Teplitski M, Robinson JB, Bauer WD (2000) Plants secrete

substances that mimic bacterial N-acyl homoserine lac-

tone signal activities and affect population density-

dependent behaviours in associated bacteria. Mol Plant-

Microbe Interact 13:637–648

Thomashow LS (1996) Biological control of plant root

pathogens. Curr Opin Biotechnol 7:343–347

Thomashow LS, Weller DM (1988) Role of a phenazine

antibiotic from Pseudomonas fluorescens in biological

control of Gaeumannomyces graminis var. tritici. J Bac-

teriol 170:3499–3508

Thomashow LS, Weller DM (1990) Role of antibiotics and

siderophores in biocontrol of Take-all disease of wheat.

Plant Soil 129:93–99

Thomashow LS, Weller DM, Bonsall RF, Pierson LS III (1990)

Production of the antibiotic phenazine-1-carboxylic acid

by fluorescent Pseudomonas species in the rhizosphere of

wheat. Appl Environ Microbiol 56:908–912

Timms-Wilson TM, Ellis RJ, Renwick A, Rhodes DJ, Weller

DM, Mavrodi DV, Thomashow LS, Bailey MJ (2000)

Chromosomal insertion of the phenazine biosynthetic

pathway (phzABCDEFG) enhances the efficacy of

damping off disease control by Pseudomonas fluorescens
54/96. Mol Plant-Microbe Interact 13:1293–1300

Timms-Wilson TM, Kilshaw K, Bailey MJ (2004) Risk

assessment for engineered bacteria used in biocontrol of

fungal disease in agricultural crops. Plant Soil 266:57–67

Turnbull GA, Morgan JAW, Whipps JM, Saunders JR (2001a)

The role of motility in the in vitro attachment of Pseu-
domonas putida PaW8 to wheat roots. FEMS Microbiol

Ecol 35:57–65

Turnbull GA, Morgan JAW, Whipps JM, Saunders JR (2001b)

The role of bacterial motility in the survival and spread of

Pseudomonas fluorescens in soil and in the attachment

and colonization of wheat roots. FEMS Microbial Ecol

36:21–31

Van den Broek D, Chin-A-Woeng TFC, Eijkemans K, Mulders

HM, Bloemberg GV, Lugtenberg BJJ (2003) Biocontrol

traits of Pseudomonas spp. are regulated by phase varia-

tion. Mol Plant-Microbe Interact 16:1003–1012

Van den Broek D, Bloemberg GV, Lugtenberg BJJ (2005a)

The role of phenotypic variation in rhizosphere Pseudo-
monas bacteria. Environ Microbiol 7:1686–1697

Van den Broek D, Chin-A-Woeng TFC, Bloemberg GV,

Lugtenberg BJJ (2005b) Role of RpoS and MutS in phase

variation of Pseudomonas sp PCL1171. Microbiology

151:1403–1408

Van Loon LC, Bakker PAHM, Pieterse CMJ (1998) Systemic

resistance induced by rhizosphere bacteria. Ann Rev

Phytopathol 36:553–483

Van Peer R, Schippers B (1988) Plant growth responses to

bacterization with selected Pseudomonas spp. strains and

rhizosphere microbial development in hydroponic cul-

tures. Can J Microbiol 35:456–463

Van Peer R, Schippers B (1992) Lipopolysaccharides of plant-

growth promoting Pseudomonas sp. strain WCS417r in-

duce resistance in carnation to fusarium wilt. Neth J Plant

Pathol 98:129–139

Van Peer R, Niemann GJ, Schippers B (1991) Induced resis-

tance and phytoalexin accumulation in biological control

of Fusarium wilt of carnation by Pseudomonas sp. strain

WCS417r. Phytopathology 81:728–734

Van Sluys MA, Monteiro-Vitorello CB, Camargo LEA, Menck

CFM, da Silva ACR, Ferro JA, Oliveira MC, Setubal JC,

Kitajima JP, Simpson AJ (2002) Comparative genomic

analysis of plant-associated bacteria. Annu Rev Phytopa-

thol 40:169–189

Van Wees SCM, Pieterse CMJ, Trijssenaar A, Van’t Westende

Y, Hartog F, Van Loon LC (1997) Differential induction

of systemic resistance in Arabidopsis by biocontrol bac-

teria. Mol Plant-Microbe Interact 10:716–724

Van Wees SCM, De Swart EAM, Van Pelt JA, Van Loon LC,

Pieterse CMJ (2000) Enhancement of induced disease

resistance by simultaneous activation of salicylate- and

jasmonate-dependent defense pathways in Arabidopsis
thaliana. Proc Natl Acad Sci USA 97:8711–8716

Vasse J, de Billy F, Truchet G (1993) Abortion of infection

during the Rhizobium meliloti-alfalfa symbiotic interac-

tion is accompanied by a hypersensitive reaction. Plant J

4:555–566

Vega FE, Pava-Ripoll M, Posada F, Buyer JS (2005) Endo-

phytic bacteria in Coffea arabica L. J Basic Microbiol

45:371–380

Venturi V (2006) Regulation of quorum sensing in Pseudo-
monas. FEMS Microbiol Rev 30:274–291

Verberne MC, Verpoorte R, Bol JF, Mercado-Blanco J, Lin-

thorst HJM (2000) Overproduction of salicylic acid in

plants by bacterial transgenes enhances pathogen resis-

tance. Nat Biotechnol 18:779–783

Verhagen BW, Glazebrook J, Zhu T, Chang HS, van Loon LC,

Pieterse CMJ (2004) The transcriptome of rhizobacteria-

induced systemic resistance in Arabidopsis. Mol Plant-

Microbe Interact 10:895–908

Viebahn M, Glandorf DCM, Ouwens TWM, Smit E, Leeflang

P, Wernars K, Thomashow LS, Van Loon LC, Bakker

PAHM (2003) Repeated introduction of genetically

modified Pseudomonas putida WCS358r without intensi-

fied effects on the indigenous microflora of field-grown

wheat. Appl Environ Microbiol 69:3110–3118

Viebahn M, Doornbos R, Wernars K, Van Loon LC, Smit E,

Bakker PAHM (2005) Ascomycete communities in the

388 Antonie van Leeuwenhoek (2007) 92:367–389

123



rhizosphere of field-grown wheat are not affected by

introductions of genetically modified Pseudomonas putida
WCS358r. Environ Microbiol 7:1775–1785

Visca P, Ciervo A, Sanfilippo V, Orsi N (1993) Iron-regulated

salicylate synthesis by Pseudomonas spp J Gen Microbiol

139:1995–2001

Voisard C, Keel C, Haas D, Defago G (1989) Cyanide pro-

duction by Pseudomonas fluorescens helps suppress black

root rot of tobacco under gnotobiotic conditions. EMBO J

8:351–358

Von Bodman SB, Bauer WD, Coplin DL (2003) Quorum

sensing in plant-pathogenic bacteria. Annu Rev Phytopa-

thol 41:455–482

Wang YQ, Ohara Y, Nakayashiki H, Tosa Y, Mayama S

(2005) Microarray analysis of the gene expression profile

induced by the endophytic plant growth-promoting rhi-

zobacteria, Pseudomonas fluorescens FPT9601-T5 in

Arabidopsis. Mol Plant-Microbe Interact 18:385–396

Wei HL, Zhang LQ (2006) Quorum-sensing system influences

root colonization and biological control ability in Pseu-
domonas fluorescens 2P24. Antonie van Leeuwenhoek

89:267–280

Wei G, Kloepper JW, Tuzun S (1991) Induction of systemic

resistance of cucumber to Colletotrichum orbiculare by

select strains of plant growth-promoting rhizobacteria.

Phytopathology 81:1508–1512

Welbaum G, Sturz AV, Dong Z, Nowak J (2004) Fertilizing

soil microorganisms to improve productivity of agroeco-

systems. Crit Rev Plant Sci 23:175–193

Weller DM (1988) Biological control of soilborne plant

pathogens in the rhizosphere with bacteria. Annu Rev

Phytopathol 26:379–407

Weller DM, Cook RJ (1986) Increased growth of wheat by

seed treatments with fluorescent pseudomonads and

implications of Pythium control. Can J Plant Pathol

8:328–334

Weller DM, Raaijmakers JM, McSpadden-Gardener BB,

Thomashow LS (2002) Microbial populations responsible

for specific soil suppressiveness to plant pathogens. Annu

Rev Phytopathol 40:309–348

Weller DM, Van Pelt JA, Mavrodi DV, Pieterse CMJ, Bakker

PAHM, Van Loon LC (2004) Induced systemic resistance

(ISR) in Arabidopsis against Pseudomonas syringae pv.

tomato by 2,4-diacetylphloroglucinol (DAPG)-producing

Pseudomonas fluorescens. Phytopathology 94:S108

Whistler CA, Corbell NA, Sarniguet A, Ream W, Loper JE

(1998) The two-component regulators GacS and GacA

influence accumulation of the stationary-phase sigma

factor rS and the stress response in Pseudomonas fluo-
rescens Pf-5. J Bacteriol 180:6635–6641

Wood DW, Gong FC, Daykin MM, Williams P, Pierson LS

(1997) N-acyl-homoserine lactone-mediated regulation of

phenazine gene expression by Pseudomonas aureofaciens
30-84 in the wheat rhizosphere. J Bacteriol 179:7663–

7670

Xu GW, Gross DC (1986) Selection of fluorescent pseudo-

monads antagonistic to Erwinia caratovora and suppres-

sive of potato seed piece decay. Phytopathology 76:414–

422

Yang HL, Sun XL, Song W, Wang YS, Cai MY (1999)

Screening, identification and distribution of endophytic

associative diazotrophs isolated from rice plants. Acta Bot

Sin 41:927–931

Young JM, Triggs CM (1994) Evaluation of determinative

tests for pathovars of Pseudomonas syringae van Hall

1902. J Appl Bacteriol 77:195–207

Zakhia F, Jeder H, Willems A, Gillis M, Dreyfus B, de Lajudie

P (2006) Diverse bacteria associated with root nodules of

spontaneous legumes in Tunisia and first report for nifH-

like gene within the genera Microbacterium and Starkeya.

Microbial Ecol 51:375–393

Zhang Z, Pierson LS III (2001) A second quorum-sensing

system regulates cell surface properties but not phenazine

antibiotic production in Pseudomonas aureofaciens. Appl

Environ Microbiol 67:4305–4315

Antonie van Leeuwenhoek (2007) 92:367–389 389

123


	Interactions between plants and beneficial Pseudomonas spp.: exploiting bacterial traits for crop protection
	Abstract
	Introduction
	Beneficial (non-deleterious) Pseudomonas spp. specified
	First steps in the beneficial Pseudomonas-plant interaction: plant colonization
	Getting intimate: endophytic beneficial Pseudomonas spp.
	Pseudomonas spp. traits involved in plant growth promotion and plant protection
	Competition for iron: production �of siderophores by beneficial Pseudomonas spp.
	Antibiosis
	Induced systemic resistance (ISR) �and Pseudomonas spp. determinants

	Who is in charge? Quorum-sensing and gacAgacS regulatory systems
	Concluding remarks
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


