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Abstract An increasing number of strains of Pseudomonas spp. are being studied 
for the known benefits they provide to plants. Many of them are natural inhabitants 
of plant roots and the soil area influenced by them: the rhizosphere. Some are even 
capable to colonize the root interior and, occasionally, to spread to above-ground 
organs establishing themselves as beneficial endophytes. The artificial introduc-
tion of these strains into target agro-ecosystems can lead to enhanced growth and 
improved fitness of host plants. These positive effects are usually a consequence of 
the capacity of bacteria to suppress the attacks by phytopathogenic microorganisms, 
a phenomenon known as biological control activity. In this chapter, the main modes 
of action that biocontrol Pseudomonas strains can deploy against plant pathogens 
are reviewed: antibiosis, competition for nutrients and niches, induction of defense 
responses, etc. How these bacteria are able to colonize plant and pathogen struc-
tures, as prerequisite for effective disease suppression, will be also discussed. A 
concise section devoted to the complex regulatory networks controlling biologi-
cal control traits is included as well. Finally, the potential that biocontrol pseudo-
monads pose as marketable products is briefly presented. The underlying idea is 
that a much better understanding of the complex, multitrophic interactions taking 
place among the plant, the pathogen(s), the biocontrol pseudomonads and the envi-
ronment is instrumental for commercial exploitation, aiming to overcome the fre-
quently-observed problem of biocontrol performance inconsistency. The powerful 
‘-omics’ and microscopy approaches currently available are providing fundamental 
information to acquire such knowledge. The use of biocontrol agents as a comple-
mentary measure within integrated disease management strategies should have a 
promising future in modern sustainable agriculture.

Keywords Antibiotics · Biocontrol · Endophytes · Induced resistance · Integrated 
disease management · Plant protection · Plant-growth promotion · Rhizosphere · 
Root colonization · Root hairs · Salicylic acid · Siderophores
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Biocontrol of Plant Diseases and Beneficial Pseudomonas 
spp.

Introduction

Plants and bacteria can establish three types of interactions according to the conse-
quences for the plant: (i) negative, leading to diseases (phytopathogenic bacteria); 
(ii) positive, namely mutualistic symbioses, causing beneficial effects for both part-
ners; and (iii) a priori neutral interactions because of the absence of evident nega-
tive or positive effects on the host plant (Mercado-Blanco and Bakker 2007). The 
first two types might actually represent variations on a common theme, since dif-
ferent studies point to a scenario where fine-tuned molecular and genetic dialogues 
are established between both partners—plant and bacteria, eventually leading to 
disease or mutualism (Baron and Zambryski 1995; Soto et al. 2006; Berendsen 
et al. 2012; Zamioudis and Pieterse 2012). The third type of interaction, excluding 
strict commensalism, actually represents a special case of a positive interaction 
since beneficial effects are eventually derived for the plant. Indeed, an increas-
ing number of bacterial genera are described as able to contribute to plant growth 
promotion either per se (Glick 1995; Bashan and Holguin 1998; Lugtenberg and 
Kamilova 2009) or (and) by exerting biological control of phytopathogens and 
pests (Kerry 2000; Ramamoorthy et al. 2001; Gerhardson 2002). Moreover, some 
of these bacteria are able to establish themselves as endophytes causing neither 
deleterious effects nor evident morphological changes in colonized plant tissues 
(Rosenblueth and Martínez-Romero 2006; Mercado-Blanco and Bakker 2007; 
Hardoim et al. 2008; Reinhold-Hurek and Hurek 2011). Overall, these intimate 
relationships are not considered in the literature as symbiosis stricto sensu, as for 
the well-known legume-rhizobia interaction. However, derived benefits for both 
the host plant (disease protection, growth promotion) and the endophyte (protected 
environment, constant and reliable source of nutrients) (Bacon and Hinton 2006) 
allow, de facto, to consider this type of associations as true mutualism (Mercado-
Blanco and Bakker 2007).

Direct promotion of plant growth by bacteria, which can be achieved by provid-
ing microelements and bacterially-produced growth hormones and/or by mobili-
zation of nutrients, will not be treated in this chapter. Interested readers can find 
excellent and comprehensive reviews on this specific topic (for instance, Lugten-
berg and Kamilova 2009; Pliego et al. 2011a) as well as recent examples on how 
genomic approaches are providing deeper insights on the bacterial traits involved 
(Roca et al. 2013). Plant growth promotion can also be an indirect consequence of 
plant diseases suppression exerted by specific microorganisms. Protection against 
plant pathogens can be due to direct antagonism against the pathogens (for instance, 
production of antibiotic compounds), advantageous competition for nutrients and/
or space, or triggering enhanced defense capacities in the host plant against patho-
gens attacks.
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Biological Control of Plant Diseases

Biological control, that is, “the use of natural or modified organisms, genes or gene 
products to reduce the effects of pests and disease” (Cook 1988) is an environmen-
tally-friendly approach that can be combined with other control measures (chemi-
cal, physical, agronomical, etc.) within integrated disease/pest management (IPM) 
frameworks. Biological control agents (BCAs) can be used either as preventive 
(before-planting) or palliative (post-planting) tools within the target agro-ecosys-
tem. The first ones are obviously the most plausible from an economical perspec-
tive. For instance, application of antagonistic bacteria during nursery propagation 
of pathogen-free certified olive ( Olea europaea L.) plants to protect them from 
eventual infections by the soil-borne fungal pathogen Verticillium dahliae has been 
proposed as a plausible approach to manage Verticillium wilt of olive (VWO; Mer-
cado-Blanco et al. 2004; López-Escudero and Mercado-Blanco 2011) (Fig. 6.1).

It must be emphasized that the successful use of BCAs, either alone or in com-
bination with other control tools, should be sustained on a solid knowledge of the 
targeted system where they will be deployed. When implementing a biocontrol 

Fig. 6.1  Biocontrol exerted by Pseudomonas fluorescens PICF7 in nursery-produced olive (cv. 
Picual) plants against Verticillium wilt of olive ( Verticillium dahliae Kleb.). The root system of the 
plant shown on the left was dipped in a suspension of PICF7 cells (~ 1 × 109 cfu/ml) during 15 min 
prior to be transferred to a pot containing V. dahliae-infested soil (~ 1 × 106 conidia/g). Plant on 
the right panel was not treated with the bacterium (control). Pictures were taken 140 days after 
bacterization and transplant to infested soil. For details on olive-V. dahliae-P. fluorescens PICF7 
bioassays, please consult Mercado-Blanco et al. (2004) and Prieto et al. (2009). Photopraphs were 
kindly provided by M. Mercedes Maldonado-González
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strategy it must be kept in mind that the pathogen, the host plant, the introduced 
BCA and the environment (including biotic and abiotic components) establish a 
complex array of interactions. The outcome of this tightly-regulated multitrophic 
interplay will eventually determine the effectiveness of the applied biological con-
trol measure (Weller 1988). Moreover, beneficial effects exerted by a given BCA re-
lies on the successful colonization and persistence of adequate population levels of 
the former on/in the target niche (rhizosphere, phyllosphere, inner plant tissue, etc.), 
which in turn can also be conditioned by the above-mentioned factors (Haas and 
Défago 2005). For instance, efficient colonization of plant roots by a BCA depends 
on the soil (type, water content, temperature, pH, etc.), the host plant (genotype, 
composition of root exudates, etc.), the plant-associated microbiome (rhizoplane, 
endophytic), and specific BCA traits (motility, exoenzymes production, etc.) which 
are all dynamically interacting to set-up the so-called phenomenon ‘rhizospheric 
competence’ (O’Sullivan and O’Gara 1992; Lugtenberg et al. 2001; Berg et al. 
2006; Mercado-Blanco and Bakker 2007; Raaijmakers et al. 2009).

Beneficial Pseudomonas spp.

The focus of this chapter will be on Pseudomonas spp. (Proteobacteria γ subclass) 
strains able to suppress plant diseases, thereby interesting to be exploited in agricul-
ture as biocontrol tools to increase crop productivity (O’Sullivan and O’Gara 1992; 
Mercado-Blanco and Bakker 2007; Stockwell and Stack 2007; Weller 2007; Höfte 
and Altier 2010). This genus, comprising more than a hundred species (Mulet et al. 
2010; Loper et al. 2012), is characterized by the broad colonization ability ( environ-
mental ubiquity) of many of its representatives, a consequence of their remarkable 
capability to produce ample repertories of secondary metabolites and to utilize a 
diversity of organic molecules as source of energy ( metabolic versatility) (Bender 
et al. 1999; Gross and Loper 2009; Wu et al. 2010). Many pseudomonads are natural 
inhabitants of plant surfaces, water and/or soil. Some strains are able to establish 
as plants commensals; others are beneficial to their hosts by protecting them from 
pathogens infections and/or directly promoting their growth and fitness (Weller 
1988; Haas and Défago 2005; Mercado-Blanco and Bakker 2007; Lugtenberg and 
Kamilova 2009; Pliego et al. 2011a). Some species are pathogenic to plants causing 
leaf spots, blights, and wilts; for instance, Pseudomonas syringae which is subdi-
vided in numerous pathovars according to host specificity (Young 2010; Baltrus 
et al. 2011). Finally, others can behave as opportunistic pathogens for humans (i.e. 
Pseudomonas aeruginosa in immuno-compromised patients) (Stover et al. 2000).

Literature available on the identification and use of plant-associated, beneficial 
Pseudomonas spp. strains that stimulate plant growth and/or suppress phytopatho-
gens is continuously growing (Table 6.1). Moreover, novel and powerful ‘-omics’ 
technologies are helping to uncover the amazing diversity of these bacterial group, to 
redefine its taxonomy, and to better understand mechanisms underlying biocontrol 
activity exerted by them. Thus, the genomes of several beneficial, plant-associated 
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Strain Target 
Pathosystem(s)a

Relevant traits 
for/related to 
biocontrol

Reference(s)b Genome 
sequence 
availability

P. aeruginosa
7NSK2 Tomato, bean-

Botrytis cinerea; 
tomato-Pythium 
spp.; rice-Magna-
porthe grisea

ISRc; iron-regu-
lated metabolites 
(SAd, sidero-
phores), antibiotics

Buysens et al. (1996); 
De Meyer and Höfte 
(1997); Audenaert et al. 
(2002); De Vleesschau-
wer et al. (2006)

P. brassi-
cacearum
Q8r1-96 Wheat-Gaeuman-

nomyces grami-
nis var. tritici;

Antibiotics; 
secretion systems; 
root colonization 
studies

Raaijmakers and 
Weller (1998); Mavrodi 
et al., (2006b, 2011)

Loper et al. 
(2012)

P. 
chlororaphis
PCL 1391 Tomato- Fusar-

ium oxysporum 
f.sp. radicis-lyco-
persici (FORL)

Antibiotics pro-
duction; efficient 
root colonizer.

Chin-A-Woeng et al. 
(1998)

O6 Cucumber- 
Corynespora 
cassiicola; 
tobacco- Erwinia 
carotovora; 
tobacco-TMV; 
tomato- root-knot 
nematode

ISR; 2R,3R-
butanediol; 
antiviral peptides; 
unknown nemati-
cidal compound

Kim et al. (2004); Han 
et al., (2006a, 2006b); 
Lee et al. (2011); Park 
et al. (2012)

Loper et al. 
(2012)

30-84 Wheat-G. grami-
nis var. tritici

Antibiotics 
production

Pierson et al. (1994); 
Thomashow et al. 
(1990)

Loper et al. 
(2012)

P. 
fluorescens
CHA0 Diverse plant 

pathogenic fungi 
and nematodes; 
tobacco-TNV; 
A. thaliana-
Peronospora 
parasitica

Production of 
wide range of 
antibiotics and 
lytic exoenzymes; 
siderophores; ISR; 
model for bio-
control regulatory 
processes

Maurhofer et al. 
(1994); Voisard et al. 
(1994); Iavicoli et al. 
(2003); Siddiqui 
and Shoukat (2003); 
Humair et al. (2009)

F113 Potato-cyst nem-
atode Globodera 
rostochiensis; 
potato- Erwinia 
carotovora subsp. 
atroseptica

Antibiotic produc-
tion; model strain 
to study root 
colonization

Cronin et al. (1997a, 
1997b); Sánchez-
Contreras et al. (2002); 
Barahona et al. (2011)

Redondo-
Nieto et al. 
(2012)

Table 6.1  Examples of biocontrol Pseudomonas spp. strains mentioned in the text. This is not an 
exhaustive list; the literature is full of examples of effective biocontrol Pseudomonas spp. strains.
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Strain Target 
Pathosystem(s)a

Relevant traits 
for/related to 
biocontrol

Reference(s)b Genome 
sequence 
availability

PCL1751 Tomato-FORL Competition for 
nutrients and 
niches

Kamilova et al. (2005)

Pf29Arp Wheat-G. grami-
nis var. tritici

Activation of host 
defense responses

Daval et al. (2011)

PICF7 Olive-Verticil-
lium dahliae

Root endophyte; 
activation of host 
defense responses

Mercado-Blanco et al. 
(2004); Prieto et al. 
(2009); Schilirò et al. 
(2012)

Q2-87 Wheat-G. grami-
nis var. tritici; 
Arabidopsis 
thaliana-Pseudo-
monas syringae 
pv. tomato (Pst)

Antibiotics pro-
duction; ISR

Thomashow and Weller 
(1990); Weller et al. 
(2012)

Loper et al. 
(2012)

SBW25 Pea (and other 
hosts)-Pythium 
ultimum

Growth promotion; 
High rhizosphere 
colonization ability

Naseby et al. (2001); 
Preston et al. (2003)

Silby et al. 
(2009)

WCS365 Tomato-FORL Outstanding root 
colonizing ability; 
model strain

Geels and Schippers 
(1983); Lugtenberg 
et al. (2001); Pliego et 
al. (2011a)

WCS374 Radish- Fusar-
ium oxysporum 
f.sp. raphani 
(FOR)

Competition for 
Fe3+; production of 
diverse sidero-
phores; Lipopoly-
saccharides; ISR

Geels and Schippers 
(1983); Leeman et al. 
(1995, 1996a)

WCS417 Radish- F. 
oxysporum 
f.sp. raphani; 
carnation- F. 
oxysporum f. sp. 
dianthi (FOD); A. 
thaliana-Pst

ISR; Lipopoly-
saccharides, 
iron-regulated 
metabolites

Van Peer and Schippers 
(1992); Leeman et 
al., (1995, 1996); Van 
Wees et al. (1997)

P. pseudoal-
caligenes
AVO110 Avocado-

Rosellinia 
necatrix

Competition for 
nutrients and 
niches

Pliego et al., 
(2007;2008)

P. protegens
Pf-5 Diverse soil-

borne fungal, 
oomycete 
and bacterial 
pathogens

Wide range of 
antibiotics

Howell and Stipanovic 
(1979); Rodriguez 
and Pfender (1997); 
Ramette et al. (2011)

Paulsen 
et al. (2005)

Table 6.1 (continued) 
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and/or biocontrol Pseudomonas spp. strains are currently available (Paulsen et al. 
2005; Silby et al. 2009; Kimbrel et al. 2010; Ortet et al. 2011; Loper et al. 2012; 
Redondo-Nieto et al. 2012; Shen et al. 2012), and the number will undoubtedly in-
crease in the near future. Genome comparisons studies of Pseudomonas spp. strains 
have stressed the wide diversity of this group and the fact that only about 53 % of 
the genome (core genome) is present in all strains examined (Paulsen et al. 2005; 
Silby et al. 2009; Kimbrel et al. 2010; Ramette et al. 2011; Loper et al. 2012). 
Recently, the study performed by Loper and co-workers (2012) has extended our 
knowledge of the P. fluorescens group by analyzing a number of strains originating 
from distant geographical areas, diverse habitats, and displaying biological control 
against different phytopathogens. Besides relevant information about the phylog-
eny of this genus and its ecological and physiological heterogeneity, these authors 
performed a genomic survey of known biocontrol traits that will be reviewed in 
this chapter. According to them, this type of studies will definitively provide valu-
able information to unravel how these traits may have evolved, to shed light on their 
mechanisms of inheritance, and to explain the strain-specificity frequently observed 
for biological control. Moreover, genome-wide analyses may serve to predict and 
discover novel potential biocontrol traits.

Strain Target 
Pathosystem(s)a

Relevant traits 
for/related to 
biocontrol

Reference(s)b Genome 
sequence 
availability

P. putida
BTP1 Bean-B. cinerea; 

cucumber-
Pythium 
aphanidermatum

Iron-regulated 
metabolite 
( N-alkylated ben-
zylamine deriva-
tive); ISR

Ongena et al., (1999, 
2005)

KT2440 A. thaliana-Pst Model strain for 
rhizosphere coloni-
zation studies; ISR

Ramos-González et al. 
(2005); Matilla et al., 
(2007, 2010); Fernán-
dez et al. (2013)

Nelson 
et al. (2002)

WCS358 A. thaliana-Pst; 
Eucalyptus-
Ralstonia 
solanacerum; 
carnation-FOD; 
radish-FOR; 
Tomato, bean-B. 
cinerea; bean- 
Colletotrichum 
lindemuthianum

Enhanced 
rhizosphere 
competence; Iron 
competition; ISR; 
flagella; sidero-
phores; Lipopoly-
saccharides

Geels and Schippers 
(1983); Duijff et al., 
(1994a); Leeman et 
al., (1996a); van Wees 
et al. (1997); Meziane 
et al. (2005); Ran et al. 
(2005a)

aMore target pathosystems can be found in the literature for each particular strain
bIncluded in this chapter. The reader can find additional literature dealing with different aspects 
of each strain included in this list
cInduced Systemic Resistance
dSalicylic acid

Table 6.1 (continued) 
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Pseudomonas spp. strains displaying effective biological control may share traits 
such as: (i) good colonizing capacity of plant surfaces, inner plant tissues (endo-
phytes), and/or phytopathogen (fungi and oomycetes) structures (Lugtenberg et al. 
2001; Rosenblueth and Martínez-Romero 2006; Mercado-Blanco and Bakker 2007; 
Pliego et al. 2011a); (ii) ability to synthesize diverse classes of antibiotics enabling 
them to advantageously compete in targeted niches against indigenous microbiota 
and to suppress plant pathogens (Mavrodi et al. 2006a; Weller et al. 2007; Raaijmak-
ers et al. 2010; Haas and Défago 2005); (iii) capability of advantageously use specific 
nutrients present, for instance, in root or seed exudates enabling them to outcompete 
indigenous microbiota, including pathogens (Nelson 2004; Kamilova et al. 2005; 
Kidarsa et al. 2013); and/or (iv) capacity to induce (systemic) resistance responses 
in the host plant (Van Loon et al. 1998; Bakker et al. 2007). These biocontrol traits 
will be reviewed in the following sections, with emphasis in the most recent findings. 
Pseudomonas spp. strains can also directly increase plant biomass per se by produc-
ing phytohormones and/or altering plant hormones levels or by mobilizing mineral 
nutrients (Arshad and Frankenberger 1998; Lugtenberg and Kamilova 2009). These 
aspects will not be treated in this chapter unless they serve to illustrate specific issues.

Finally, pseudomonads are one of the essential biotic components of the rhi-
zosphere, a term defined for the first time by L. Hiltner as “the soil compartment 
influenced by the roots” (Hiltner 1904; Smalla et al. 2006; Pinton et al. 2007). This 
complex ecological niche is the primary place where many relevant signaling events 
within plant-microbe and microbe-microbe interplays take place. The consequences 
of these events occurring below ground level are of extraordinary relevance for the 
whole plant, eventually determining its fitness, development and productivity (Mer-
cado-Blanco and Bakker 2007; Perry et al. 2007; Uren 2007; Raaijmakers et al. 
2009; Pliego et al. 2011a; Berendsen et al. 2012). Therefore, the rhizosphere will be 
the scenario here considered to review biocontrol Pseudomonas spp. Nevertheless, 
specific pseudomonads strains have also shown to be effective in the biocontrol of 
postharvest and fruit trees disease (see, for instance, Nunes et al. 2007; Bonaterra 
et al. 2012) although they will not be treated in this chapter.

Colonization Abilities of Biocontrol Pseudomonas: Plant 
Root and Pathogen Surfaces

Technologies for Direct Monitoring of Multitrophic 
Interactions in the Rhizosphere

Since effective biocontrol is a consequence of multiple interactions established 
among participating (micro)organisms and the environment, detailed observations 
of bipartite/tripartite interactions (involving BCA, pathogen, plant) are essential 
to better understand mechanisms of biocontrol. The development of diverse bio-
reporter technologies is enhancing our knowledge of the molecular basis underlying 
multitrophic interactions occurring, for instance, in the rhizosphere (Pliego et al. 
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2011a). Functional genomics techniques such as In Vivo Expression Technology 
(IVET), a promoter-trap strategy enabling the identification of up-regulated genes 
under specific environment conditions (Rainey and Preston 2000; Ramos-González 
et al. 2005; Fernández et al. 2013), Signature Tagged Mutagenesis (STM), assist-
ing in the identification of mutants in mixed populations with modified adaptation 
to specific environment and facilitating the identification of fitness or competition 
mutants otherwise difficult to obtain by standard mutagenesis approaches (Holden 
and Hensel 1998), and DNA microarrays (Wang et al. 2005; Mendes et al. 2011) are 
powerful tools providing holistic insights helping to understand multilevel trophic 
scenarios hardly envisaged a few years ago. In addition, they also enable the identi-
fication of microbial gene clusters potentially involved in biocontrol.

Some bio-reporters are very appropriate tools to monitor the fitness and activity 
of tagged microorganisms in a given environment. This is the case of the lux re-
porter gene that, for instance, can be used to assess bioluminescence emission over 
time by metabolically active Pseudomonas cells when artificially inoculated in bulk 
and rhizosphere soils (Porteous et al. 2000). On the other hand, autofluorescent pro-
teins (AFP) enable the direct visualization of individual AFP-tagged microorgan-
isms when used in combination with fluorescence and/or confocal laser-scanning 
microscopy (CLSM). The green fluorescent protein (GFP) (Tsien 1998) is the most 
commonly used AFP, although derivatives and variants (i.e. Cyan Fluorescent Pro-
tein (CFP) or Yellow Fluorescent Protein (YFP) [Yang et al. 1998; Ellenberg et al. 
1999; Shaner et al. 2004]) are available and increasingly utilized. The combined 
use of different AFPs enables the tagging of several species and/or strains differ-
ing in fluorescence emission, thus facilitating their simultaneous imaging in situ 
(Lagendijk et al. 2010). This approach provides crucial information not only about 
where microorganisms are located but also on the type of interactions they may 
establish with the plant and/or target phytopathogens, even at the single cell level 
(Lagopodi et al. 2002; Prieto et al. 2009; 2011). Moreover, competition for target 
sites in a given pathosystem can also be important to explain the biocontrol ability 
of a BCA. These methodological approaches are providing relevant information 
as well. Thus, different studies serve to illustrate that the early colonization by the 
BCA of the preferential penetration spots used by the phytopathogen to invade host 
tissues is important to explain biocontrol activity of strains P. fluorescens WCS365 
and P. chlororaphis PCL1391 against Fusarium oxysporum f.sp. radicis-lycopersici 
(FORL) in tomato ( Solanum lycopersicum Mill.) (Bolwerk et al. 2003), Pseudo-
monas pseudoalcaligenes AVO110 against Rosellinia necatrix in avocado ( Persea 
americana Mill.) (Pliego et al. 2008), or P. fluorescens PICF7 against V. dahliae in 
olive (Prieto et al. 2009).

Biocontrol Pseudomonas spp.-Phytopathogens Interactions

Microscopy studies demonstrate that biocontrol Pseudomonas spp. operating in 
the rhizosphere may exert their beneficial effects by directly interacting with fun-
gal phytopathogens. For instance, combination of biotechnological (AFP-tagging) 
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and microscopy tools have undoubtedly revealed direct contact between beneficial 
Pseudomonas spp. and phytopathogenic soil-borne fungi, what can be important to 
explain biocontrol activity. It has been demonstrated that P. fluorescens WCS365 
and P. chlororaphis PCL1391 do not only colonize roots but also the hyphae of 
FORL (Lagopodi et al. 2002; Bolwerk et al. 2003), a situation also observed be-
tween the biocontrol strains P. pseudoalcaligenes AVO110 and the avocado white 
root rot fungus R. necatrix (Pliego et al. 2008) and P. fluorescens PICF7 and the 
VWO causal agent V. dahliae (Prieto et al. 2009) (Fig. 6.2a). Similarly to what hap-
pens in root-bacteria interactions (see Sect 2.3), some antagonistic Pseudomonas 
strains are chemotactically attracted by fungal exudates, facilitating the attachment 
of bacterial cells to fungal structures (De Weert et al. 2004). Approach and anchor-
age to fungal surfaces as well as subsequent passive or active feeding from fungal 
biomass can be achieved thanks to production of lytic enzymes (Nielsen and So-
rensen 1999) or biosurfactants (Braun et al. 2001) by bacteria. It has been suggested 
that improved biocontrol activity can be explained by BCA feeding on deleterious 
fungi thereby inhibiting their growth (Leveau and Preston 2008). Moreover, both 
the BCA and the fungal pathogen can establish a molecular dialogue enhancing 
biocontrol activity of the former. For instance, the biocontrol strain P. fluorescens 
Pf29Arp can perceive signals emitted by Gauemannomyces graminis var. tritici, the 
causal agent of take-all in wheat ( Triticum spp.), provoking important changes at 
the transcriptome level, including genes for bacterial motility and stress responses 
(Barret et al. 2009). These authors have demonstrated that a number of bacterial 

Fig. 6.2  Confocal laser scanning microscopy (CLSM) showing different colonization events of 
olive cv. Arbequina root tissues by Pseudomonas fluorescens PICF7 (enhanced green fluorescent 
protein [EGFP]-tagged) and Verticillium dahliae VDAT-36I (enhanced yellow florescent protein 
[EYFP]-tagged transformant of a defoliating isolate). a Colonization of VDAT-36I hyphae by 
PICF7 cells (arrowed) on the differentiation zone of the olive root surface five days after inocula-
tion (DAI); b Detection of EGFP-tagged PICF7 cells inside a root hair cell at three DAI. Non-
colonized root hairs are also shown; c Simultaneous detection of PICF7 cells, within root hairs, 
and of VDAT-36I EYFP-tagged hyphae inside the cortical tissue of an olive root. This image was 
taken from a vibratome longitudinal section of a representative olive root from a plant sampled 
10 DAI. Images were projections of 10 (a), 20 (c) and 30 adjacent confocal optical sections (b). 
The focal step size between confocal optical sections was 1 mm. Asterisk in c indicates a root 
hair colonized by PICF7 cells. Bars, 15 µm in panel a, and 20 mm in panels b and c. rh, root hair; 
co, cortex; hy, hypha. These CLSM microphotographs are reproduced from Prieto et al. (2009) 
Microbial Biotechnol 2: 499–511; doi:10.1111/j.1751-7915.2009.00105.x, with permission of the 
Publisher (Wiley and Sons)

 



1316 Pseudomonas Strains that Exert Biocontrol of Plant Pathogens

genes were induced before and after direct contact is established between the BCA 
and the fungus when both were jointly cultured on plates. Furthermore, the presence 
of the fungus even enhanced the growth of strain Pf29Arp. Similarly, stimulation 
of P. fluorescens growth when associated with Pythium debaryanum was earlier 
reported, and utilization of the sugar trehalose seemed to play an important role 
in both bacterial growth and inhibition of the oomycete (Gaballa et al. 1997). Fi-
nally, IVET has been also employed to uncover induction of diverse genes in the 
biocontrol strain Pseudomonas putida 06909 when interacting with the oomycete 
Phytophthora sp. (Lee and Cooksey 2000; Ahn et al. 2007).

Pseudomonas spp. Traits Involved in Root Colonization

An essential prerequisite for a BCA to succeed in biocontrol is the efficient colo-
nization of the target niche. Thus, soil inhabiting Pseudomonas strains should ef-
ficiently colonize the rhizosphere prior to be able to protect plant roots from patho-
gen’s attack. In fact, root colonization and the bacterial traits involved in this com-
plex process are key elements in biocontrol efficacy, as demonstrated by insertional 
mutagenesis studies for P. chlororaphis PCL1391. Mutants of this strain impaired 
in root colonization have lost biocontrol activity against tomato foot and root rot 
(Chin-A-Woeng et al. 2000). Identification of Pseudomonas traits involved in rhi-
zosphere and/or root colonization has been a thoroughly-pursued aim (Lugtenberg 
et al. 2001) and appropriate experimental tools and study systems have been devel-
oped to achieve it (Simons et al. 1996). It is worth mentioning that successful rhizo-
sphere colonization is a consequence of a delicate equilibrium between biotic (the 
host plant, the introduced BCA, resident rhizosphere and endophytic microbiota) 
and abiotic (soil type and structure, water and nutrients availability, pH, tempera-
ture, composition of root exudates, etc.) factors (Mercado-Blanco and Bakker 2007, 
and references therein). Inconsistent performance observed upon introduction of a 
BCA in a given agro-ecosystem could be explained either by an insufficient under-
standing of these factors and their dynamic interactions (Thomashow 1996) or the 
absence of adequate screening procedures to select suitable BCAs for a determined 
soil and pathosystem (Pliego et al. 2011b).

Plant roots and the rhizosphere are very attractive niches for soil-borne microbes 
compared to the nutrient-limiting and hostile bulk soil environment since they are 
important sources of nutrients (Degenhardt et al. 2003; Bacon and Hinton 2006). 
Mutant analysis enabled to identify that motility and chemotaxis are essential for 
root colonization by P. fluorescens strains (Lugtenberg and Bloemberg 2004). While 
flagella seem not to be enough to explain competitive colonization in some cases 
(De Weert et al. 20022002), its involvement in attachment to a number of diverse (a)
biotic surfaces has been clearly elucidated for both pathogenic and non-pathogenic 
Pseudomonas strains (Duque et al. 2013). Root colonization process by biocontrol 
Pseudomonas spp. begins with the movement of free living bacteria in response to 
chemoattractants present in root exudates (Bais et al. 2004; Uren 2007) by means 
of flagellar motility (De Weger et al. 1987; Turnbull et al. 2001a; 2001b; De Weert 
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et al. 2002). While motility seems to be essential for root colonization in some cases 
(Capdevila et al. 2004; Martínez-Granero et al. 2006), other studies point to only a 
minor role in colonization for flagella (Howie et al. 1987; Scher et al. 1988). One 
of the best-studied strains is P. fluorescens WCS365 which has served as a model 
to understand mechanisms involved in the root colonization process by beneficial 
pseudomonads (Lugtenberg and Dekkers 1999; Lugtenberg et al. 2001; Lugtenberg 
and Kamilova 2009). Strain WCS365 is a good colonizer of potato ( Solanum tu-
berosum L.) and tomato roots and able to control the soil-borne fungus FORL in 
tomato (Geels and Schippers 1983; Brand et al. 1991; Simons et al. 1996; Dekkers 
et al. 2000). WCS365 is chemically attracted by carboxylic acids (mainly malic 
and citric acids) and amino acids present in tomato root exudates (Simons et al. 
1997; Kravchenko et al. 2003). It is known that, besides flagellar motility, the li-
popolysaccharide (LPS) O-antigen, synthesis of vitamin B1, production of NADH 
dehydrogenase, and high bacterial growth rate are bacterial traits contributing to the 
outstanding root colonization ability of P. fluorescens WCS365 (Simons et al. 1996; 
Dekkers et al. 1998b; Camacho-Carvajal et al. 2002). Carbon sources present in root 
exudates also influence colonization of tomato roots by strain WCS365. While syn-
thesis of specific amino acids is essential for effective colonization (Simons et al. 
1997) the presence of the polyamine putrescine negatively affects WCS365 root 
colonization competitiveness (Kuiper et al. 2001). On the other hand, the capacity to 
use specific sugars seems not to be decisive for such ability (Lugtenberg et al. 1999).

Strain WCS365 also carries a sss/ xerC homologue encoding a site-specific re-
combinase (regulatory role in process of DNA rearrangements causing phase/phe-
notypic variation [Höfte et al. 1994]) shown to be important in competitive colo-
nization of the rhizosphere of several plants (Dekkers et al. 1998a). Phenotypic 
variation can affect bacterial traits involved in root colonization and biocontrol 
(Sánchez-Contreras et al. 2002; Van den Broek et al. 2003, 2005a). Influence on 
colonization traits by site-specific recombinases has been demonstrated in biocon-
trol strains P. fluorescens F113 (Martínez-Granero et al. 2005) and Q8r1-96 (Mav-
rodi et al. 2006b) as well. Interestingly enough, the colonization ability of poor root 
colonizing Pseudomonas strains can be improved by the transfer of site-specific 
recombinase genes (Dekkers et al. 2000). Similarly, a triple mutant strain (KSW) 
of P. fluorescens F113 affected in kinB, sadB and wspR showed increased motil-
ity and rhizosphere colonization ability than that of the wild-type strain (Barahona 
et al. 2011). In addition, KSW strain showed improved biocontrol activity against 
the fungal pathogen FORL in tomato and the oomycete Phytophthora cactorum in 
wild strawberry ( Fragaria vesca L.). This finding further supports the notion that 
good (or even increased) colonization ability of a BCA leads to enhanced biocontrol 
capacity. More importantly, this can be achieved by the ad hoc design of improved 
BCAs what opens promising perspectives for the implementation of novel biologi-
cal control strategies (Barahona et al. 2011).

The implementation of some of the aforementioned methodologies is providing 
abundant information on genes involved in the rhizosphere colonization process. 
Moreover, they allow the assessment of in vivo expression of large arrays of genes 
simultaneously. Thus, IVET has been utilized to identify genes of P. fluorescens 
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SBW25 expressed in the sugar beet rhizosphere (Gal et al. 2003) and of P. pu-
tida KT2440 while colonizing the rhizosphere of different plants (Ramos-González 
et al. 2005; Fernández et al. 2013). By using IVET it was also suggested that the 
type III secretion system (T3SS) (see below) might have a functional significance 
for a beneficial rhizosphere P. fluorescens strain (Preston et al. 2001). However the 
true involvement of T3SS was elusive since a mutation in the hrcC gene (encod-
ing a component of the T3SS) had no effect on root colonization capacity (Preston 
et al. 2001). Later, De Weert and co-workers (2007) suggested that T3SS of strain 
SBW25 is involved in both injection of proteins into plant cells and absorption of 
nutrients from them. Similarly, IVET allowed the identification in strain SBW25 of 
one gene ( wssE) of the wss operon involved in acetylated cellulose polymers bio-
synthesis and shown to contribute to ecological fitness in the rhizosphere (Rainey 
and Preston 2000; Gal et al. 2003). Fernández and associates (2013) using IVET to 
analyze gene expression of strain KT2440 in the rhizosphere of diverse plants (pine, 
[Pinus halepensis Mill.], evergreen oak [Quercus ilex L.], cypress [Cupressus sem-
pervirens L.], and rosemary [Rosemarinus officinalis L], have recently suggested 
that this strain senses plant-specific signals leading to gene expression involved in 
its successful rhizosphere establishment. Gene expression of strain KT2440 dur-
ing colonization of maize ( Zea mays L.) roots was also analyzed by Matilla and 
co-workers (2007) using microarrays. They found that bacterial genes involved in 
amino acid uptake, metabolism of aromatic compounds, bacterial efflux pumps, en-
zymes related with glutathione metabolism, and flagellar and chemotaxis proteins 
were induced in the maize rhizosphere. Interestingly, a gene ( rup4959) encoding a 
protein containing GGDEF/EAL response regulator was identified as preferentially 
induced. These protein domains are involved in the metabolism of the secondary 
messenger cyclic diguanylate (c-di-GMP) that regulates a broad diversity of physi-
ological processes in bacteria (Römling 2012). The promoter of rup4959 gene has 
been demonstrated to be induced by maize root exudates and microaerobiosis. Ma-
nipulation of the expression levels of this gene led to negative effects on biofilm 
formation (upon inactivation) or to total inhibition of swarming motility, decreased 
swimming motility, and lower root tip colonization efficiency (upon overexpres-
sion) (Matilla et al. 2011).

Endophytic Beneficial Pseudomonas spp.

Some plant-associated Pseudomonas spp. can establish themselves as endophytes. 
The interested reader can find excellent reviews on bacterial endophytes, traits in-
volved in endophytism, and potential to utilize them in plant-growth promotion 
and biological control among other applications (Hallmann et al. 1997; Sturz et al. 
2000; Lodewyckx et al. 2002; Rosenblueth and Martínez-Romero 2006; Hardoim 
et al. 2008; Reinhold-Hurek and Hurek 2011). Criteria for proper identification 
of true endophytic bacteria were proposed by Reinhold-Hurek and Hurek (1998) 
and should not be just based on the simple isolation from surface-disinfected plant 
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tissues, but must be confirmed by microscopic evidences and the capability of the 
endophyte to re-infect disinfected seedlings (Rosenblueth and Martínez-Romero 
2006). It is assumed that, once endophytic, bacteria take advantage of being within 
a protected niche, less exposed to (a)biotic stresses and with a constant source of 
nutrients that diminish competition with other microorganisms (Bacon and Hinton 
2006). Our current knowledge on endophytic bacteria has been enlarged by imple-
menting culturing-independent identification techniques as well as metagenomics 
approaches. These are uncovering a much wider diversity and abundance of endo-
phytic communities than those obtained by traditional culturing-dependent methods 
(see, for instance, Garbeva et al. 2001; Sessitsch et al. 2002; Manter et al. 2010; 
Lucero et al. 2011; Sessitsch et al. 2012). Beneficial endophytic Pseudomonas spp. 
have been identified, alone or as part of complex bacterial consortia, in many plant 
species from diverse geographical origins and from different plant organs and tis-
sues (Mercado-Blanco and Bakker 2007, and references therein).

Mechanisms involved in the endophytic colonization of bacteria, including ben-
eficial Pseudomonas spp., are thus far mostly unknown. Bacterial traits potentially 
involved in endophytic colonization of plant roots have been reviewed (Hardoim 
et al. 2008; Reinhold-Hurek and Hurek 2011). It is suggested that diverse cell wall-
degrading enzymes are involved in the penetration process (Hallmann et al. 1997; 
Compant et al. 2005). Duijff and co-workers (1997) also reported that the O-antigen 
of LPS is involved in endophytic colonization of tomato roots by the biocontrol 
strain P. fluorescens WCS417. Similarly, definitive proofs of preferred sites used by 
endophytic bacteria to gain entrance into root tissues are scant, although root cracks, 
injuries (caused by arthropods, nematodes, etc.), emergence sites of lateral roots, 
zones of elongation and differentiation, and/or intercellular spaces in the epider-
mis are generally admitted as ‘hot spots’ for bacterial penetration (Rosenblueth and 
Martínez-Romero 2006; Hardoim et al. 2008; Reinhold-Hurek and Hurek 2011).

Recent studies have reported that root hairs can also play an important role during 
the endophytic colonization of plant roots by certain pseudomonads strains. Prieto 
and associates (2011) have demonstrated using AFP-tagged bacteria and CLSM that 
strains of Pseudomonas spp. ( P. fluorescens PICF7 and P. putida PICP2) effective 
against VWO (Mercado-Blanco et al. 2004; López-Escudero and Mercado-Blanco 
2011), can internally and simultaneously colonize root hairs of this woody host 
(Fig. 6.2b). Moreover, they are able to colonize these epidermal structures and es-
tablish in the intercellular spaces of the root cortex under different (gnotobiotic and 
non-gnotobiotic) experimental conditions (Prieto and Mercado-Blanco 2008; Prieto 
et al. 2009; 2011). However, the well-known events taken place during the infec-
tion process of legume root hairs by symbiotic members of the Rhizobiaceae family 
(Kijne 1992) were not observed. Therefore, it remains to be elucidated whether 
these bacteria enter root hairs via active or passive processes (Mercado-Blanco and 
Prieto 2012). From the initial sites of penetration endophytic pseudomonads may 
eventually spread to distant parts of the plant. For instance, vascular transport from 
the roots to aerial tissues may explain the extensive inner colonization of sever-
al plant species observed for Pseudomonas aureofaciens strain L11 (Lamb et al. 
1996). On the contrary, P. fluorescens PICF7 was never observed to colonize the 
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xylem vessels, bacteria being confined to the root cortex without no evidence of 
translocation to above-ground tissues in olive (Prieto and Mercado-Blanco 2008; 
Maldonado-González et al. 2013).

Presence of endophytic Pseudomonas spp. has proven as beneficial for the host 
plant in several studies, and plant growth promotion exerted by consortia of bac-
teria including Pseudomonas spp. has been reported (Chanway et al. 2000; Nejad 
and Johnson 2000; Adhikari et al. 2001; Kuklinsky-Sobral et al. 2004). Neverthe-
less, the contribution to plant growth of each partner in the consortia is not well 
established. Promotion of plant growth by endophytic Pseudomonas spp. can also 
be due to control of phytopathogens. Despite the fact that numerous studies have 
proved in vitro antagonism between a cultured endophyte and a target pathogen, ef-
fective in-planta biocontrol activity of the endophyte is difficult to prove, although 
examples of biocontrol activity exerted by endophytic pseudomonads are available 
(Adhikari et al. 2001; Chen et al. 1995; Brooks et al. 1994; Grosch et al. 2005; 
Prieto et al. 2009). However, the biocontrol mechanism(s) involved remain to be 
elucidated in most of the cases. It is suggested that beneficial effects deployed by 
bacterial endophytes seem to operate by means of similar mechanisms described 
for rhizosphere-associated bacteria, including induction of resistance (Kloepper 
and Ryu 2006). Duijff and co-workers (1997) early suggested that induction of 
resistance exerted by P. fluorescens WCS417 was related to the internal coloniza-
tion of tomato root tissues by this strain. It has been proposed that biocontrol of V. 
dahliae in olive by P. fluorescens PICF7 requires of the early colonization of olive 
roots, including endophyte establishment, before infection by the pathogen (Prieto 
et al. 2009) (Fig. 6.2c). Moreover, functional genomics analysis has revealed that 
root colonization by strain PICF7 induces a wide array of defense responses to 
different stresses in olive root tissues, including up-regulation of genes involved 
in induced systemic resistance (ISR) and systemic acquired resistance (SAR) 
(see below) responses (Schilirò et al. 2012). However, PICF7 was not effective to 
control olive knot disease caused by P. savastanoi pv. savastanoi when the BCA 
was applied to the roots and the pathogen inoculated into the stems (Maldonado-
González et al. 2013).

Overall, very little information is available about the molecular/genetics chang-
es that endophytic Pseudomonas produce in the host plant once internal coloniza-
tion has been established. The same accounts about the effects that an introduced 
bacterial endophyte can provoke on the indigenous endophytic microbiome or 
vice versa. Accurate knowledge about these effects is essential for the success-
ful application of biocontrol endophytes. Microarray analysis performed by Wang 
and associates (2005) have revealed that root colonization by strain P. fluorescens 
FPT9601-T5 (endophytic in the model plant Arabidopsis thaliana and in tomato 
roots) of Arabidopsis roots produces the up-regulation of a number of genes in-
volved in metabolism, signal transduction, stress response, and interestingly, puta-
tive auxin-regulated genes and nodulin-like genes. Results also shown that 105 
genes were down-regulated, including some ethylene responsive genes. This study 
suggests that similar genetic responses are triggered/repressed when rhizobacte-
ria, endophytic PGPR, and to some extent rhizobia, interact with their host plants. 
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Similarly, computational analysis of some 445 olive ESTs induced during the colo-
nization of olive roots by the endophytic strain P. fluorescens PICF7 revealed that 
nearly 45 % of the up-regulated genes were related to plant defense and response to 
different stresses. Validation by quantitative real-time PCR (qRT-PCR) confirmed 
the induction of lipoxygenase, phenylpropanoid, terpenoids and plant hormones 
biosynthesis transcripts, and diverse transcription factors such as bHLH, WRKYs 
and GRAS1 (Schilirò et al. 2012). These type of approaches, as well as IVET, 
will be instrumental to enhance our understanding of plant-endophyte relations, 
similarly as they have been implemented for gene expression studies in the rhizo-
sphere.

Finally, the composition, abundance, distribution and functionality of a given 
endophytic microbiome, including Pseudomonas spp., can be influenced by dif-
ferent factors: the host plant genotype (Siciliano and Germida 1999; Germida and 
Siciliano 2001; Van Overbeek and Van Elsas 2008), developmental and/or growth 
stages (Pirttilä et al. 2005; Van Overbeek and Van Elsas 2008), temperature (Pillay 
and Nowak 1997), presence of plant pathogens and pests (Hallmann et al. 1998; 
Reiter et al. 2002; 2003; Lian et al. 2008), seasonal variations (Mocali et al. 2003; 
Pirttilä et al. 2005), plant organ (Mocali et al. 2003), introduction/recruitment of 
endophytes (Andreote et al. 2009; Ardanov et al. 2012), or certain crop management 
strategies (Kuklinsky-Sobral et al. 2005).

Pseudomonas spp. Traits Involved in Biological Control

Introduction

After being able to externally and/or internally colonize host plant tissues and per-
sist on/within them, biocontrol Pseudomonas strains may deploy diverse mecha-
nisms contributing to plant fitness. The ultimate consequence is enhancement of 
plant growth that can be achieved either by growth promotion per se or by pro-
tection against phytopathogens. It is worth mentioning that effectiveness of many 
biological control traits depends on the population levels reached by the BCA on/
in the specific target niche, and that some of these traits (i.e. antibiotics production) 
are subjected to a cell-density dependent regulation (see below) (Pierson et al. 1994; 
Raaijmakers et al. 1999). For instance, P. fluorescens WCS374 fails to elicit induced 
systemic resistance in Arabidopsis plants when applied at high inoculum densities 
(> 107 cfu/g of soil) (Van Wees et al. 1997; Djavaheri et al. 2012). However, when 
strain WCS374 is applied at low cell densities (i.e. 103 cfu/g of soil), the BCA is 
able to trigger systemic resistance against P. syringae pv. tomato DC3000 (Djava-
heri et al. 2012), suggesting that active growth of WCS374 is needed for effective 
biocontrol.

Disease suppression by pseudomonads can be based on direct antagonism of the 
pathogen (i.e. production of antibiotics) or indirect mechanisms such as competition 
for (micro)nutrients (predominantly Fe3 + through biosynthesis of siderophores) and 
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niches or induction of systemic resistance responses. Direct and indirect mecha-
nisms are not mutually exclusive and can operate simultaneously or being triggered 
at different stages (spatially and temporarily) along the plant-BCA-pathogen inter-
action. Moreover, competition for nutrients, microelements, and antibiosis can be 
exerted without interacting with the plant. However, disease suppression mediated 
by induction of systemic resistance is a consequence of a direct (or even intimate) 
interaction between the BCA and the host plant. Remarkably, signal transduction 
pathways leading to enhanced resistance in plants upon interaction with beneficial 
Pseudomonas spp. are better known than bacterial traits responsible to trigger such 
defense responses. The current knowledge on Pseudomonas traits involved in bio-
control of plant disease will be reviewed in the following sections.

Competition for Nutrients and Niches

This biocontrol mechanism was suggested by Kamilova and co-workers (2005) to 
explain the enhanced root tip colonization ability that strain P. fluorescens PCL1751 
showed compared to other highly-efficient root colonizers (i.e. P. fluorescens 
WCS365). By using an enrichment procedure enabling the selection of fast root-tip 
colonizing strains, these authors were able to identify strain PCL1751 that reduced 
tomato foot and root rot disease caused by FORL. A non-motile spontaneous mutant 
of strain PCL1751 was as competitive as its parent when both were grown in cul-
turing medium and in tomato root exudates. However, in competitive tomato root 
tip colonization assays under gnotobiotic experimental conditions, the mutant was 
outcompeted by the wild type strain in different parts of the tomato root. Biocon-
trol assays under greenhouse conditions showed no significant biocontrol activity 
against FORL by the mutant, compared to the wild type. Moreover, enhanced colo-
nizers grew much better on root exudates than randomly isolated strains. All these 
evidences led authors to conclude that competitive colonization, or competition for 
niches and nutrients, was required for the biocontrol activity exerted by P. fluore-
scens PCL1751 (Kamilova et al. 2005). By using a similar enrichment approach, 
Pliego and co-workers (2007) concluded that despite the fact that two strains ( P. 
pseudoalcaligenes AVO110 and P. alcaligenes AVO73) were good colonizers of 
avocado root tips, only strain AVO110 showed significant protection against avoca-
do white root rot caused by R. necatrix. The key difference was that strain AVO110 
colonized the preferential infection sites of R. necatrix whereas AVO73 was pre-
dominantly found in regions not colonized by the pathogen (Pliego et al. 2008). 
Therefore, it appears that biocontrol pseudomonads acting through the competition 
for nutrients and niches mechanism must efficiently and/or previously colonize the 
same plant tissue areas preferred by the pathogen (Pliego et al. 2011a).

Finally, it is worth mentioning that the plant spermosphere usually represents 
the first interaction point between some pathogens and BCAs. Considering that 
germinating seeds are an important source of exudates, nutrients present in them are 
a clear target of competition, and can affect expression of bacteria biocontrol traits 
on the seed surface (Nelson 2004; Kidarsa et al. 2013).
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Competition for Iron: Siderophores of Beneficial Pseudomonas 
spp.

In spite of its abundance, iron is basically unavailable for soil-inhabitant micro-
organisms which in turn have developed a strategy for its assimilation. This strat-
egy involves the biosynthesis of low-molecular-weight, iron-chelating molecules 
called siderophores. These metabolites are classified according to their iron chelat-
ing groups and show an ample structural diversity (Höfte 1993). These compounds 
show a high affinity for ferric iron (Fe 3 + ) and its production, and that of protein re-
ceptors that recognize Fe3 + -siderophore complexes, is induced during iron-limiting 
growth conditions. Competition for Fe3 + is likely the best documented mechanism 
of competition exerted by BCA (Leong 1986), particularly for Pseudomonas spp. 
which produce a large variety of siderophores to cope with iron-limiting conditions 
(Bultreys 2007). Among them, pyoverdines (= pseudobactins) are the prevalent 
class, showing a complex and variable structure. They carry both catechol and hy-
droxamate groups responsible of iron chelation (Leong 1986). Molecular structure 
of pyoverdines as well as the genetics and regulation of their biosynthesis, release 
and uptake, which involve a large number of genes, have been comprehensively 
studied and reviewed (Meyer 2000; Ravel and Cornelis 2003; Visca et al. 2007; 
Cornelis et al. 2009). Pyoverdines differ in the number and composition of the ami-
no acids present in the peptide chain. This has application in bacterial taxonomy 
since a given Pseudomonas species or strain synthesizes a specific type of pyover-
dine (Fuchs et al. 2001; Meyer 2007; Djavaheri et al. 2012).

Production of Pseudomonas siderophores, including pyoverdines, can be influ-
enced by diverse environmental factors, or by the composition of root exudates, 
thereby affecting the potential beneficial effects they exert on the plant (Duffy and 
Défago 1999; Audenaert et al. 2002; Ran et al. 2005b; Djavaheri et al. 2012). On the 
other hand, certain Pseudomonas strains are able to use heterologous siderophores, 
conferring them selective advantages in iron-limiting environments and potential-
ly enhancing their ability to control plant pathogens (Bakker et al. 1988; Mirleau 
et al. 2000; Mercado-Blanco and Bakker 2007). For instance, the strain P. putida 
WCS358 shows an enhanced rhizosphere competence because of its ability to use 
not only its own siderophore pseudobactin 358 (Psb-358) but also others produced 
by different bacteria due to the presence of additional receptors. Moreover, Psb-358 
can only be taken up by few pseudomonads further enhancing the competence of 
strain WCS358 over other bacteria present in the soil (Koster et al. 1993; Raai-
jmakers et al. 1994). Enhanced rhizosphere competence can thus be engineered 
by introducing either iron-regulated siderophore promoters or siderophore receptor 
genes in heterologous genetic backgrounds (Raaijmakers et al. 1995b; Loper and 
Henkels 1999).

Many plant beneficial Pseudomonas spp. strains produce additional, secondary 
siderophores, or at least harbour the gene clusters needed for their biosynthesis 
and uptake. Some of these are pyochelin (Buysens et al. 1996), enantio-pyoche-
lin (Youard et al. 2007), pseudomonine (Mercado-Blanco et al. 2001; Loper et al. 
2012), or achromobactin (Loper et al. 2012). Moreover, the genomes of strains P. 
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protegens Pf-5, Pseudomonas sp. BG33R, and P. fluorescens SBW25 and SS101 
carry the entire genes set for the biosynthesis and efflux of a protein (hemophore) 
(Wandersman and Delepelaire 2004) with high affinity to chelate the heme group 
(Loper et al. 2012).

Salicylic acid (SA; 2-hydroxybenzoic acid) is another compound earlier sug-
gested to act as an endogenous siderophore under iron limiting conditions in differ-
ent bacteria, including Pseudomonas spp. (Akenbauer and Cox 1988; Meyer et al. 
1992; Visca et al. 1993; Anthoni et al. 1995). However, the role as a siderophore was 
questioned since SA is not able to bind Fe3 + at pH values above 6 (Chipperfiled and 
Ratledge 2000). Salicylate biosynthesis genes in bacteria were first identified in P. 
aeruginosa PAO1 by Serino and co-workers (1995), demonstrating the SA proceeds 
via the chorismate/isochorismate pathway. SA biosynthesis genes ( pmsB and pmsC) 
were also identified in the PGPR, biocontrol strain P. fluorescens WCS374, as part 
of the operon pmsCEAB involved in the synthesis of the siderophore pseudomo-
nine (Mercado-Blanco et al. 2001). The ecological and physiological relevance of 
Pseudomonas-produced SA may lie as an essential building block in the synthesis 
of siderophores like pyochelin, dihydroaeruginoic acid or pseudomonine (Cox et al. 
1981; Anthoni et al. 1995; Serino et al. 1995; 1997; Mercado-Blanco et al. 2001).

The involvement of Pseudomonas-produced siderophores in biological control of 
diseases is variable. Siderophores may act through competition by sequestering Fe3+ 
thereby limiting its availability for pathogens (Bakker et al. 1986; Loper and Buyer 
1991). Thus, the ability of strain P. putida WCS358 to suppress Fusarium wilt of 
carnation was attributed to production of the siderophore Psb-358 (Lemanceau et al. 
1992). Disease suppression mediated by Pseudomonas siderophores has also been 
shown against Fusarium wilt of radish ( Raphanus sativus L.) (Raaijmakers et al. 
1995a), Pythium damping-off (Buysens et al. 1996) and Botrytis cinerea (Audenaert 
et al. 2002) in tomato. In contrast, only a minor role (or no involvement at all) was 
reported in suppression of Pythium damping-off of cucumber ( Cucumis sativus L.) 
(Kraus and Loper 1992), Pythium aphanidermatum root rot of cucumber (Ongena 
et al. 1999), Take-all of wheat caused by Gaeumannomyces graminis var. tritici 
(Thomashow and Weller 1990; Hamdan et al. 1991), or Pseudomonas syringae pv. 
tomato-Arabidopsis bacterial speck (Djavaheri et al. 2012).

The involvement of siderophores (and that of SA itself or as an essential moi-
ety of some siderophores) synthesized by Pseudomonas strains in suppression of 
diseases via induction of systemic resistance responses is also controversial. On 
the one hand, SA produced by P. aeruginosa and P. fluorescens strains has been 
demonstrated to play a role in inducing systemic resistance against plants pathogens 
(Leeman et al. 1996b; De Meyer and Höfte 1997; Maurhofer et al. 1998; De Meyer 
et al. 1999; Audenaert et al. 2002). On the other hand, siderophores produced by 
strain P. fluorescens WCS374, including SA and the SA-based siderophore pseudo-
monine, have been shown as not needed for eliciting this defensive response against 
Pseudomonas syringae pv. tomato in Arabidopsis (Ran et al. 2005b; Djavaheri et al. 
2012). Therefore, the role of SA, and that of siderophores in general in systemic 
resistance, appears to be highly dependent on the plant-BCA interaction under study 
(Höfte and Bakker 2007; Mercado-Blanco and Bakker 2007).
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Siderophores produced by beneficial Pseudomonads spp. can also have a vari-
able influence (negative, neutral or positive) in iron plant nutrition (Barness et al. 
1991). For instance, iron uptake in maize and pea was inhibited upon addition of 
pseudobactin under gnotobiotic conditions (Becker et al. 1985), but nearly no influ-
ence on iron acquisition was observed when roots of oat ( Avena sativa L.) plants 
were inoculated with Pseudomonas strains producing high amounts of siderophores 
(Alexander and Zuberer 1993). In contrast, barley ( Hordeum vulgare L.) seedlings 
grown under hydroponics conditions used Psb-358 as iron source and the synthesis 
of chlorophyll was enhanced in these plants (Duijff et al. 1994b). Enhanced chlo-
rophyll levels, less chlorosis, and increase in total and physiological available iron 
were also observed in mung bean plants ( Vigna radiata L. Wilzeck) upon treatment 
with a siderophore-producing Pseudomonas sp. strain (Sharma et al. 2003). Simi-
larly, amelioration of lime-induced chlorosis on peanut was achieved by amend-
ing Fe3+ -pyoverdines (Jurkevitch et al. 1986). Finally, plant phytosiderophores can 
also influence siderophore production of rhizosphere pseudomonads (Marschner 
and Crowley 1998).

Antibiosis: Antibiotics, Bacteriocins and Insect Toxins Produced 
by Biocontrol Pseudomonas spp.

Antibiotics

Production of antibiotics and/or additional toxic compounds is one of the best stud-
ied mechanisms of biocontrol of plant diseases exerted by beneficial Pseudomonas 
spp., a topic reviewed in detail elsewhere (for instance, Raaijmakers et al. 2002; 
Haas and Keel 2003; Mavrodi et al. 2006a; Pierson and Pierson 2010). Many strains 
produce a wide repertoire of secondary toxic compounds which are effective against 
diverse phytopathogenic fungi, oomycetes, and bacteria (Haas and Keel 2003; 
Weller et al. 2007). Antibiosis is therefore an attractive and powerful mode of action 
to be exploited in biocontrol of plant diseases (Mercado-Blanco and Bakker 2007). 
However, from a practical perspective, several issues should be considered. First, 
occurrence of antibiotic resistance in the target pathogen, leading to loss of biocon-
trol effectiveness, is a possibility that should not be excluded to occur under natural 
conditions (Mazzola et al. 1995). Second, biosynthesis of antimicrobial metabolites 
is largely influenced by diverse environmental and biotic factors that can rapidly 
change in dynamic scenarios such as the rhizosphere (Notz and Défago 1999; Duffy 
and Défago 1999; Lugtenberg and Bloemberg 2004). Finally, potential utilization 
of genetically-modified Pseudomonas spp. with enhanced antibiosis ability (for 
instance, by introducing antibiotic biosynthesis genes form heterologous strains) 
under field conditions raises public concern about undesirable effects on non-target 
organisms and ecosystems (Mercado-Blanco and Bakker 2007). However, diverse 
studies carried out so far have indicated that introduction of engineered Pseudomo-
nas spp. strains can lead to changes, but these are minor and transient compared to 
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common agricultural practices such as, for example, crop rotation (Glandorf et al. 
2001; Viebahn et al. 2005; Blouin-Bankhead et al. 2004; Timms-Wilson et al. 2004).

The list of antimicrobial metabolites synthesized by biocontrol Pseudomonas 
strains is continuously growing and new compounds with antimicrobial activity 
can now be predicted by genomics studies (Loper et al. 2012). Besides, metage-
nomics approaches reveal that a wide array of effective antibiotic molecules can 
be discovered in soil ecosystems (Handelsman 2004). Antibiotics compounds that 
have been demonstrated to play a role in biocontrol include phenazines (Phz) (Ma-
vrodi et al. 2013), phloroglucinols (Phl) (Keel et al. 1992), pyoluteorin (Thompson 
et al. 1999), pyrrolnitrin (Dikin et al. 2007), hydrogen cyanide (HCN) (Voisard et al. 
1989; Laville et al. 1998), cyclic lipopeptides (Raaijmakers et al. 2006), 2-hydroxy-
methyl-chroman-4-one (Kang et al. 2004), and 2-hexyl–5-propyl resorcinol (HPR) 
(Nowak-Thompson et al. 2003; Cazorla et al. 2006; Loper et al. 2012). It is worth 
mentioning that some of the best up-to-date characterized strains (for instance, P. 
protegens Pf-5 or P. fluorescens CHA0) can produce a broad range of different an-
tibiotic compounds (Howell and Stipanovic 1980; Nowak-Thompson et al. 1994; 
Haas and Keel 2003; Loper et al. 2008). Moreover, recent comparative genomics 
analyses of diverse plant-associated Pseudomonas spp. have demonstrated the pres-
ence in their genomes of gene clusters involved in the synthesis of antibiotics such 
as Phz, DAPG, rhizoxin and pyoluteorin, as well as HCN and pyrrolnitrin (Gross 
and Loper 2009; Loper et al. 2012).

While in vitro antibiosis can be easily demonstrated by performing antagonistic 
assays confronting the BCA and the target pathogen(s) on plates and monitoring 
the growth inhibition effect on the latter (Lugtenberg and Bloemberg 2004), the 
true contribution of antibiotics in biological control in situ is not always easy to 
assess. Nevertheless, several studies have clearly shown the involvement of anti-
biotics such as pyoluterin, phenazine-1-carboxamide (PCA), DAPG, pyrrolnitrin, 
pyocyanine, HCN, and viscosanamide in biocontrol (reviewed by Haas and Défago 
2005). A classical example of inhibition of a pathogen through the production of 
antibiotics is provided by the suppressive effect observed in the so-called disease 
suppressive soils (Schroth and Hancock 1982). Pathogens potentially present in 
these soils do not cause disease to susceptible plants because of the presence of 
beneficial microorganisms, mainly Pseudomonas spp. and Bacillus spp. On the 
contrary, conducive soils are those ones favoring disease incidence and severity be-
cause of the absence of this antagonist microbiota. A natural, spontaneous decrease 
in the incidence and severity of take-all of wheat caused by the phytopathogenic 
fungus G. graminis var. tritici has been documented after severe outbreaks of the 
disease in fields devoted to wheat monoculture for many years. This phenomenon is 
known as take-all decline (TAD), and it endures over extended time periods (Weller 
et al. 2002). The involvement of the antibiotic PCA produced by P. fluorescens in 
suppression of take-all of wheat was early reported by Thomashow and co-work-
ers using PCA mutants analysis. They demonstrated that the wild-type strain as 
well as a complemented PCA mutant derivative effectively suppressed the disease 
(Thomashow and Weller 1988), and that PCA was produced in the rhizosphere of 
plants generated from seeds treated with pseudomonads producing this antibiotic 
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(Thomashow et al. 1990). Furthermore, several evidences suggest that TAD is ex-
plained by the presence of populations of DAPG-producing Pseudomonas spp.: (i) 
TAD suppressive soils worldwide contain higher populations of DAPG-producing 
pseudomonads compared with conducive soils (Raaijmakers and Weller 1998); (ii) 
Effective amounts of DAPG could be detected on wheat roots from TAD soils by 
HPLC mass spectrometry (Raaijmakers et al. 1999); and (iii) The suppressive effect 
can be transferred to disease conducive soils by amending them with TAD soil and 
that effect correlated with DAPG-producing pseudomonads reaching the threshold 
population level needed for disease suppression (Weller et al. 2002).

Cyclic lipopeptides (CLPs) are produced by many plant-associated and biocon-
trol Pseudomonas spp., and genes coding for production of CLPs such as orfamide 
A, massetolide A and viscosin have been found in the genomes of different strains 
(De Bruijn et al. 2007, 2008; Gross et al. 2007; Loper et al. 2012). Synthesis of 
CLPs proceeds via non-ribosomal peptide synthases. Their core chemical structure 
consists of a lipid tail (variable in length and composition) bound to a cyclic oligo-
peptide (diverse in type, number and configuration) which enable them to insert into 
membranes thereby disturbing their function and integrity. CLPs have surfactant, 
antibacterial, antifungal, anti-predation and cytotoxic properties (Haas and Défago 
2005; Raaijmakers et al. 2010; Mazzola et al. 2009).

Bacteriocins

Some plant-associated, beneficial Pseudomonas produced bacteriocins and insect 
toxins. The involvement that these metabolites may have in the biocontrol of plant 
pathogens and pests, respectively, has not been sufficiently investigated yet. Bacte-
riocins (proteinaceous toxins inhibiting or killing strains closely related to the bac-
teriocin-producing ones) produced by beneficial Pseudomonas spp. may play a dual 
role. On the one hand, they can contribute to biocontrol of bacterial phytopatho-
gens, as reported for Xanthomonas spp. (Hert et al. 2009). On the other hand, they 
may provide environmental advantages to bacteriocin producers in those ecological 
niches where resources are limited, outcompeting closely-related bacterial neigh-
bors. Loper and co-workers (2012) reported the presence in the genomes of several 
plant-associated Pseudomonas spp. of genes encoding for different bacteriocins 
such as diverse pyocins, colicin M-like and lectin-like Llp, previously reported to 
be produced by pseudomonads (Sano et al. 1993; Michel-Briand and Baysse 2002; 
Parret and De Mot 2002; Parret et al. 2005; Barreteau et al. 2009). Furthermore, 
microcin B17, a bacteriocin produced by Enterobacteria (Duquesne et al. 2007), 
was predicted for the first time in Pseudomonas spp. to be encoded by the genome 
of P. fluorescens A506. The comparative genomics analysis performed also enabled 
to identify putative novel bacteriocins (namely N1, N2 and N3) in the predicted pro-
teomes of the studied P. fluorescens group strains (Loper et al. 2012). The functions 
of these bacteriocins remain mostly elusive, setting aside a few exceptions (Parret 
et al. 2005; Barreteau et al. 2009). Nevertheless, it can be hypothesized that due to 
the prevalence and diversity they show, bacteriocins could be important for the eco-
logical competitiveness within and among Pseudomonas spp. Whether biocontrol 
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Pseudomonas spp. strains produce bacteriocins effective against phytopathogenic 
relatives is an interesting research field yet to be explored.

Insect Toxins

Likewise, a novel study area deserving attention is the toxic effects that specific 
Pseudomonas strains display against some insects. The issue of insect toxicity goes 
beyond the scope of this chapter. However, it is worth mentioning that exploit-
ing the enthomopathogenic behavior of some pseudomonads as a biocontrol tool 
against some pests is a promising research field that has been seldom investigated 
(Ruffner et al. 2013). Insect toxicity by P. fluorescens group’s strains is related, in 
some cases, to the presence of the Mcf (Makes Caterpillars Floppy) toxin or Tc 
(Toxin complexes) gene clusters (Péchy-Tarr et al. 2008; Olcott et al. 2010; Liu 
et al. 2010). P. protegens Pf-5 and P. chlororaphis strains O6 and 30-84 harbor the 
fitABCDEFGH locus (Loper et al. 2012), which includes genes for regulation and 
efflux of the fitD (Fluorescens Insect Toxin, FIT) gene product, closely related to 
mcf and linked with Pf-5’s lethality against the tobacco hornworm Manduca sexta 
(Péchy-Tarr et al. 2008). The elegant comparative genomics study performed by 
Loper and co-workers (2012) showed that while genes distantly related to fitD are 
present in P. brassicacearum Q8r1-96 and P. fluorescens Q2-87 and Pf0-1 genomes, 
other genes of the fit locus are absent in these strains. These authors concluded 
that genomes analyzed have collectively six distinct types of Tc clusters, which 
can be distinguished by their location in the genomes as well as the number and 
organization of their constituent genes. Despite the fact that Tc clusters seem to be 
widely distributed, the ecological relevance they pose for toxin-producing strains is 
unclear yet (Loper et al. 2012). Recently, Péchy-Tarr and co-workers (2013) have 
shown that induction of FIT production by the biocontrol (pest and disease) strain 
P. fluorescens CHA0 responded to the host environment and that two regulators 
(namely FitH and FitG) play a key role in such activity. Similarly, the global regu-
lator GacA (see below) was demonstrated to be necessary for the full insecticidal 
activity (via oral infection) displayed by strains P. fluorescens CHA0 and P. chloro-
raphis PCL1391 (Ruffner et al. 2013).

Induced Systemic Resistance (ISR) and Involved Pseudomonas 
spp. determinants

Plants can build up an enhanced defensive state called induced systemic resistance 
(ISR) when properly stimulated (Van Loon et al. 1998; Pieterse et al. 2003; Bak-
ker et al. 2007). Disease suppression mediated by ISR was discovered as a disease 
suppression mechanism in PGPR Pseudomonas spp. by two independent research 
groups (Van Peer et al. 1991; Wei et al. 1991). To undoubtedly demonstrate that 
ISR is the operative mechanism, the BCA and the pathogen must be spatially sepa-
rated on the plant during ad hoc bioassays. This experimental strategy will exclude 
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that direct interaction between microorganisms under evaluation can take place, 
confirming that disease suppression is truly mediated by the plant. ISR is pheno-
typically similar to systemic acquired resistance (SAR), a response in which SA 
plays a major role (Sticher et al. 1997; Gaffney et al. 1993). On the contrary, ISR 
operates through jasmonic acid (JA) and ethylene (ET) signaling pathways in most 
cases (Pieterse et al. 1998), although exceptions have been reported (Audenaert 
et al. 2002). ISR and SAR responses, as well as possibilities to be implemented as 
a disease control tool, have been extensively reviewed elsewhere (Ramamoorthy 
et al. 2001; Vallad and Goodman 2004; Bakker et al. 2007). It is interesting to em-
phasize that SA, JA and ET pathways cross-communicate, and that ISR and SAR 
might have fuzzy boundaries at some points (Koornneef and Pieterse 2008; Van 
Wees et al. 2008; Van Verk et al. 2009; Zamioudis and Pieterse 2012), a situation 
exemplified by responses triggered in host plants by beneficial endophytic bacteria 
(Conn et al. 2008; Schilirò et al. 2012). Moreover, simultaneous triggering of the 
SA and the ET/JA signaling pathways in A. thaliana led to enhanced disease sup-
pression pointing to an scenario where combined bacterial traits able to trigger both 
signaling pathways can improve implementation of biological control (Van Wees 
et al. 2000). However, knowledge on the systemic defensive responses in plants is 
much better than that for the bacterial determinants involved in such responses, as it 
was discussed above for the controversial role of Pseudomonas spp. iron-regulated 
metabolites. Indeed, siderophores produced by beneficial Pseudomonads spp. were 
early thought to act in disease suppression mainly through competition for iron with 
the pathogen (see above), but diverse studies also suggested that these molecules 
can be bacterial signals triggering ISR (Leeman et al. 1996b; Meziane et al. 2005, 
Ran et al. 2005a). In some case, however, siderophore mutants were equally effec-
tive in ISR induction as the wild-type strains (Leeman et al. 1996b; Meziane et al. 
2005; Djavaheri et al. 2012).

Since SA is well known to trigger SAR when applied exogenously (Sticher et al. 
1997), SA produced by beneficial Pseudomonas spp. was suggested to be involved 
in induced resistance (Leeman et al. 1996b; De Meyer and Höfte 1997; Maurhofer 
et al. 1998). However, many studies have concluded that bacterially-produced SA 
is not the signal leading to ISR (Press et al. 1997; Ran et al. 2005b; Djavaheri 
et al. 2012). Similarly, SA-based siderophores (i.e. pyochelin and pseudomonine), 
and even pyoverdine, were shown not to be implicated in induced resistance either 
(Audenaert et al. 2002; Djavaheri et al. 2012).

Besides the major role that antibiotics have in direct inhibition of pathogens, they 
have been implicated in ISR as well. For instance, pyocyanin produced by P. aeru-
ginosa 7NSK2 has been involved in ISR against B. cinerea in tomato (Audenaert 
et al. 2002). Interestingly, the effects on diseases development in rice by 7NSK2-
produced pyocyanin varied depending on the pathogen. Thus, while pyocyanin 
elicited ISR against Magnaporte grisea, it enhanced susceptibility to Rhizoctonia 
solani (De Vleesschauwer et al. 2006). The antibiotic DPAG was also demonstrated 
to trigger ISR in A. thaliana against Peronospora parasitica (Iavicoli et al. 2003) 
and P. syringae pv. tomato (Weller et al. 2012), as well as against the root-knot 
nematode Meloidogyne javanica in tomato (Siddiqui and Shoukat 2003).
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Additional Pseudomonas traits which have been proposed to be involved or in-
fluence ISR are: N-alkylated benzylamine derivative (Ongena et al. 2005), the O-
antigen of LPS (Van Peer and Schippers 1992; Leeman et al. 1995, 1996; Van Wees 
et al. 1997; Meziane et al. 2005), flagella (Meziane et al. 2005), N-acyl-homoserine 
lactone (Schuhegger et al. 2006), 2,3-butanediol (Han et al. 2006b), and others (Han 
et al. 2006a). Apparently, multiple determinants present in a given Pseudomonas 
strain can trigger ISR. It is expected that more will be uncovered in the future. Some 
studies are revealing a redundancy of ISR-triggering traits what becomes evident 
when one trait is knocked out but others still lead to effective ISR (Bakker et al. 
2003; Djavaheri et al. 2012). This redundancy can obviously difficult the studies on 
bacterial ISR determinants but, on the other hand, it is clearly indicating that ISR is 
a robust disease suppression mechanism (Bakker et al. 2007).

Additional Traits Potentially Involved in Biocontrol by 
Pseudomonas spp. strains

Among Pseudomonas spp. traits involved in the interaction with plants some are 
not related to biocontrol stricto sensu or, so far, have not been directly linked to 
plant protection against biotic constraints. However, they could be key elements 
to promote plant growth and/or alter their metabolism and physiology. Moreover, 
production of specific secondary metabolites and proteins may influence biocontrol 
activity. It is therefore interesting to briefly mention them, particularly because ge-
nome sequencing projects are providing comprehensive information on the genet-
ics of these traits, hence enhancing our current knowledge on Pseudomonas-plant 
interactions.

Plant Hormones Metabolism

Some strains produce plant hormones and/or are able to degrade them (Lugtenberg 
and Kamilova 2009). For instance, P. chlororaphis strains 30-84 and O6 carry the 
genes encoding for tryptophan-2-monooxygenase and indole-3-acetamide hydro-
lase which are involved in the indole-3-acetamide pathway leading to indole-3-ace-
tic acid (IAA), the main auxin hormone in plants implicated in many physiological 
processes. While genetic information is present in both genomes, production of IAA 
in culture has been only confirmed for strain O6 (Dimkpa et al. 2012; Loper et al. 
2012). A putative IAA degradation gene cluster is present in Pseudomonas spp. ( P. 
synxantha) BG33R (Loper et al. 2012), a strain originated from the rhizosphere of 
peach and suppressive of the plant-parasitic nematode Mesocriconema ( Cricone-
mella) xenoplax (Kluepfel et al. 1993). The comparative genomics analysis recent-
ly conducted by Loper and co-workers (2012) also revealed the presence of: (i) 
genes involved in the catabolism of phenylacetic acid (PAA), an auxin (Wightman 
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and Lighty 1982) with antimicrobial properties (Kim et al. 2004), in the genomes 
of strains 30-84 and O6, as well as in P. protegens Pf-5; (ii) gene acdS encoding 
for aminocyclopropane-1-carboxylic acid (ACC) deaminase in P. brassicacearum 
Q8r1-96, an enzyme that reduces the levels of the plant hormone ethylene (convert-
ing ACC into ammonia and a-ketobutyrate) thus leading to improved plant toler-
ance to diverse (a)biotic stresses and stimulation of root growth (Glick 1995), as the 
beneficial effects demonstrated for the ACC deaminase-producing strain P. putida 
UW4 (Hao et al. 2007; Toklikishvili et al. 2010; Nascimento et al. 2013); and (iii) a 
putative acetoin reductase gene in some of the analyzed strains, including P. chloro-
raphis O6 that was previously demonstrated to produce the volatile 2,3-butanediol 
implicated in systemic resistance (Han et al. 2006b).

Exoenzymes

Biocontrol Pseudomonas spp. strains can also secrete enzymes playing different 
roles. For instance, strain P. fluorescens SBW25, originated from the phyllosphere 
of sugar beet, shows pectolytic activity in potato what correlated to the presence 
of a pectate lyase gene in its genome (Nikaidou et al. 1993; Silby et al. 2009). 
However, this enzymatic activity was not found in other biocontrol strains (Loper 
et al. 2012). On the other hand, exoprotease AprA is produced by a number of plant-
associated pseudomonads (Loper et al. 2012), although the role that this exoen-
zyme plays in biocontrol of fire blight disease of pear and apple (caused by Erwinia 
amylovora) has yet to be clarified (Anderson et al. 2004; Stockwell et al. 2011). 
Finally, chitinase-coding genes and in vitro chitinolytic activity, what can contribute 
to biocontrol of fungal phytopathogens (Nielsen et al. 1998), have been identified in 
diverse plant-associated pseudomonads as well (Loper et al. 2012). An interesting 
aspect not yet investigated is whether endophytic Pseudomonas spp. may produce 
enzymes important for the endophytic colonization process of their plant hosts (see 
above), as shown/suggested for different plant-endophytic bacteria associations 
(Hardoim et al. 2008; Reinhold-Hurek and Hurek 2011).

Secretion Systems in Beneficial Pseudomonas spp.: Do They Play 
a Role in Biocontrol?

Specific bacterial secretion systems are clearly related to pathogenesis (virulence 
factors). For instance, P. syringae group bacteria are able to cause disease by inject-
ing type III effector proteins (T3Es) into plant cells using type III secretion systems 
(T3SSs) (Cornelis 2010), thereby suppressing plant defense responses and altering 
eukaryotic cell physiology (Chang et al. 2004; Lindeberg et al. 2008). Thus, T3SS-
mediated protein secretion and delivery of effector proteins leading to activation of 
effector-triggered immunity upon recognition by the plant are important strategies 
to suppress host defense responses not only in gram-negative pathogens but also in 
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rhizobial symbionts (Jones and Dangl 2006; Reinhold-Hurek and Hurek 2011). On 
the other hand, T3SSs have been involved in plant root colonization, rhizosphere 
competence, defense against protozoa predation, environmental competition, or 
oomycete suppression observed for some Pseudomonas strains (Rezzonico et al. 
2005; Matz et al. 2008; Mavrodi et al. 2011). Therefore, bacterial secretion systems 
could also participate in plant-beneficial bacteria interactions, and may well con-
cern the proper development of endophytic lifestyles. However, the role that secre-
tion systems can play in the interaction of beneficial bacterial endophytes, including 
Pseudomonas spp., has been hardly investigated.

Unlike general and commonly-found systems such as T1SSs and T2SSs, the 
latter involved in the transport of many extracellular enzymes and with multiple 
gene clusters in several strains (Loper et al. 2012), secretion systems like T3SS and 
T4SS were thought to be rarer among studied beneficial and/or endophytic strains. 
On the contrary, T5SSs and T6SSs seem to be more widespread (Reinhold-Hurek 
and Hurek 2011) and in some cases with a multiplicity of gene clusters (Pukatzki 
et al. 2009; Loper et al. 2012). For instance, and regarding beneficial pseudomo-
nads, Pseudomonas stutzeri A1501 (Yan et al. 2008) carries a T5SS gene cluster, 
and P. putida W619 harbors several T5SSs and T6SSs (Yan et al. 2008; Taghavi 
et al. 2009; Reinhold-Hurek and Hurek 2011). Nevertheless, the overall picture re-
garding secretion systems is rapidly changing as more genomic data are available. 
For instance, T3SSs have been identified in plant-growth promoting P. fluorescens 
strains SBW25 (Preston et al. 2001), BBc6R8 (Cusano et al. 2011) and P. brassi-
cacearum ( P. fluorescens) Q8r1-96 (Mavrodi et al. 2011). Strain Q8r1-96, as well as 
P. fluorescens A506, Q2-87, SS101, SBW25 and Pseudomonas sp. BG33R, harbour 
gene clusters encoding for rsp/rsc (rhizosphere-expressed secretion protein and rsp-
conserved) T3SS resembling hrc/hrp T3SS of plant pathogenic P. syringae (Loper 
et al. 2012). Similarly, these authors have identified several putative T3Es in the ge-
nomes of examined strains, although it remains to be proven whether these proteins 
constitute novel T3Es. Finally, the original thought that T6SSs systems could ex-
clusively be implicated in the delivery of virulence effectors to eukaryotic hosts has 
changed towards a key role in the interaction among bacteria, according to novel 
findings showing their prevalence in environmental bacteria and plant-associated 
Pseudomonas spp. (Records 2011; Russell et al. 2011; Loper et al. 2012). Regarding 
to this, one to three gene clusters coding for T6SS are present in the genomes of P. 
fluorescens group strains analyzed by Loper and co-workers (2012).

Regulation of Biocontrol Traits in Pseudomonas spp.

Many biocontrol traits of Pseudomonas spp. are hierarchically controlled by a com-
plex regulatory network comprising the GacS/GacA two-component system, QS 
systems, small regulatory RNAs, RNA-binding proteins, and diverse sigma factors 
(Heeb and Haas 2001; Haas et al. 2002; Haas and Keel 2003; Humair et al. 2009; 
Kidarsa et al. 2013). Overall, expression of biocontrol factors depends on the Gac/
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Rsm signal transduction pathway (Lapouge et al. 2008). The sequence of events can 
be summarized as follows: three small RNAs (sRNAs), namely RsmX, RsmY and 
RsmZ, are transcriptionally activated by the GacS/GacA two-component regulatory 
system. The triggering factor for such activation seems to be high bacterial cell 
population densities, although sRNAs expression takes place at different moments: 
RmsX and RsmY are expressed along the growth curve, whereas RsmZ is preferen-
tially expressed in the stationary phase (Heeb et al. 2002; Valverde et al. 2003; Kay 
et al. 2005; 2006). sRNAs subsequently bind to the sRNA-binding proteins RsmA 
and RsmE, belonging to the RsmA/CsrA family, easing the translational repres-
sion they exert and making target mRNAs available to ribosomes (Reimmann et al. 
2005; Lapouge et al. 2008).

The activity of the Gac/Rsm pathway is regulated by unknown autoinducing 
signal molecules apparently through activate phosphorylation of the GacS sensor 
(Heeb et al. 2002; Dubuis et al. 2007). Subsequently, phosphorylated GacS acti-
vates the response regulator GacA, as shown in the human pathogen Pseudomonas 
aeruginosa (Goodman et al. 2009). Moreover, the Gac/Rsm pathway can be influ-
enced by environmental factors like temperature thereby affecting the expression of 
biocontrol factors such as antibiotics and HCN production in strain P. fluorescens 
CHA0 (Humair et al. 2009). These authors have provided evidences showing that 
the Gac/Rsm pathway is modulated by the interaction between GacS and RetS (a 
sensor kinase antagonizing the GacS/GacA system) and between GacS and LadS (a 
sensor kinase activating the GacS/GacA system), and that temperature affects the 
RetS-GacS interaction.

Examples of biocontrol traits regulated by the Gac/Rsm signal transduction 
pathway are antibiotics production and HCN synthesis in P. protegens Pf-5 and 
P. fluorescens CHA0 (Blumer et al. 1999; Kay et al. 2005; Lapouge et al. 2008), 
although the stationary-phase sigma factor RpoS (σS) is also involved (Sarniguet 
et al. 1995; Heeb et al. 2005). Mutations affecting the GacS/GacA system or sRNAs 
in strain CHA0 impaired effective biocontrol of several phytopathogens, whereas 
mutation in RpoS of strain Pf-5 induced better biocontrol of Pythium ultimun damp-
ing-off in cucumber but lower inhibition of Pyrenophora tritici-repentis in wheat 
straw (Pfender et al. 1993; Sarniguet et al. 1995; Valverde et al. 2003; Kay et al. 
2005). Recently, Kidarsa and co-workers (2013) have demonstrated that GacA and 
RpoS influenced the transcription of a large number of genes in strain Pf-5 when 
colonizing the surface of pea seeds. Many of these genes (i.e. motility, antibiotics 
production, exoenzymes, secretion systems, etc.) are involved in either biocontrol 
or colonization by pseudomonads, as discussed in previous sections. Finally, the 
GacS/GacA system also regulates the expression of AHL QS systems (see below) 
in P. aureofaciens 30-84 (Chancey et al. 1999) and P. chlororaphis PCL1391 (Chin-
A-Woeng et al. 2000). On the contrary, the GacS/GacA system has been shown to 
control the expression of pseudomonads biocontrol traits but in which AHL signals 
have not been detected (Whistler et al. 1998; Bull et al. 2001).

Quorum-sensing (QS) is a gene regulatory mechanism identified in a large 
number of bacterial species, including Pseudomonas spp. This topic has been com-
prehensively reviewed elsewhere (see, for instance, Venturi 2006; Hartmann and 
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Schikora 2012, and references therein). The most common QS molecular signals 
in Gram-negative bacteria are N-acyl-homoserine lactones (AHLs) (Cámara et al. 
1998), although other signal molecules as the so-called Pseudomonas quinolone 
signal (PQS) has been reported (Pesci et al. 1999). QS systems are known to be 
based in the activities of two proteins belonging to the LuxI (biosynthesis of the 
intercellular AHLs signals) and LuxR (transcriptional regulators) families (Fuqua 
et al. 2001; Miller and Bassler 2001). Biocontrol and plant growth-promoting Pseu-
domonas spp. strains also carry QS systems which, in addition, display an intimate 
cross-talk with additional global regulators (Bertani and Venturi 2004). Elasri and 
coworkers (2001) have shown that production of autoinducer signals is more usu-
ally present among plant-associated Pseudomonas isolates than in free-living ones, 
suggesting an important role of AHL QS systems in plant-Pseudomonas interac-
tions. Moreover, plants and animals may influence bacterial processes mediated 
by QS systems and important for such interactions. Indeed, it is known that higher 
plants can produce and secrete AHL-interfering compounds (Teplitski et al. 2000; 
Gao et al. 2003; Bauer and Mathesius 2004), and that AHL molecules can also 
be implicated in the sensing of bacteria by Caenorhabditis elegans (Beale et al. 
2006). Considering that beneficial endophytes may reach high populations densi-
ties in specific spots (Chi et al. 2005), the possible production of QS signals inside 
plant tissues and how they may operate in endophytic-mediated processes is an 
interesting area of study. Some examples of QS systems operating in biocontrol 
Pseudomonas spp. are: (i) two AHL QS systems reported for strain P. aureofa-
ciens 30-84: the PhzI-PhzR QS system, involved in the regulation of the operon 
phzFABCD involved in Phz biosynthesis (Pierson et al. 1994; Wood et al. 1997), a 
key antibiotic in the control of wheat take-all disease and the CsaI-CsaR QS system 
involved in rhizosphere competitiveness and regulation of cell-surface components 
biosynthesis (Zhang and Pierson 2001); (ii) production of the antifungal metabo-
lite phenazine-1-carboxamide in strain P. chlororaphis PCL1391is also regulated 
by the PhzI-PhzR QS system (Chin-A-Woeng et al. 2001); or (iii) the QS system 
PcoI-PcoR involved in biofilm formation, colonization of wheat rhizosphere and 
biocontrol of take-all disease by biocontrol strain P. fluorescens 2P24 (Wei and 
Zhang 2006).

Besides Gac/Rsm and QS systems, different sigma factors have been shown to 
be involved in the regulation of diverse pseudomonads biocontrol traits. Thus, the 
housekeeping sigma factor RpoD (σ70) in P. fluorescens CHA0 regulates pyoluteo-
rin and DAPG production, improving protection against the oomycete P. ultimun in 
cucumber (Schnider et al. 1995). Similarly, Péchy-Tarr and co-workers (2005) have 
shown that the environmental sigma factor RpoN (σ54) is a major regulator of sever-
al important biocontrol traits in the same strain. Finally, the above-mentioned sigma 
factor RpoS influences antibiotics production, biocontrol activity, and survival of 
strain P. protegens Pf-5 on cucumber seedlings surface (Sarniguet et al. 1995).

An example of the high complexity and cross-talks established among these 
regulatory elements is that of Pseudomonas sp. PCL1171. A functional GacA/GacS 
system, together with RpoS and MutS (involved in mutation repair) are involved in 
phase variation in this strain. It has been previously mentioned that phase variation 
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influences plant root colonization and biocontrol traits (i.e. motility, siderophore 
production, etc.). Moreover, spontaneous mutation affecting the GacA/GacS system 
is considered one of the mechanisms of phenotypic variation which in turn affect 
the expression of genes involved in secondary metabolism like antimicrobial com-
pounds (Van den Broek et al. 2005a, b).

Use of Biocontrol Pseudomonas spp. Strains within 
Integrated Disease Management Strategies: From Basic 
Knowledge to Field Application

The use of BCAs is an environmentally-friendly approach fitting the criteria of 
modern sustainable agriculture (Hamblin 1995). Moreover, it is a promising control 
measure which can be implemented in combination with others within IPM frame-
works (López-Escudero and Mercado-Blanco 2011). IPM strategies include the 
use of chemical and biological control tools, among other measures such as plant 
breeding, plant certification schemes, adequate agricultural practices, etc. Despite 
the fact that BCAs cannot currently substitute chemicals in many agronomical sce-
narios, biocontrol measures should aim to a gradual decrease in the use of chemicals 
thereby overcoming public concerns on the risk that chemical biocides pose for the 
environment and human and animal health. To achieve that, in-depth studies are still 
needed not only to unravel mechanisms underlying biocontrol, which have been 
reviewed in previous sections, but also to understand how these BCAs can be com-
mercialized and applied with both efficacy and safety. Furthermore, they should be 
able to complement and be compatible with culturing practices such as irrigation, 
fertilization and other crop protection measures used in targeted agro-ecosystems.

As it was already mentioned, the positive affect observed for a given biocontrol 
Pseudomonas strain (or any other BCA) under laboratory and/or controlled-growth 
conditions does not necessarily mean it can perform well under natural environ-
ments ( biocontrol inconsistency) (Lindow 1988; Kraus and Loper 1992). Thus, 
the development of formulations harboring BCA(s) which can be used as effec-
tive commercial products usually poses a long and arduous process. Current status 
on the identification and practical use of BCAs as well as production, registration 
and commercialization of microbial pesticides have been reviewed elsewhere (for 
instance, Montesinos 2003; Fravel 2005; Alabouvette et al. 2006; Höfte and Altier 
2010; Pliego et al. 2011a; Bonaterra et al. 2012, and references therein).

It must be emphasized that an adequate screening and selection strategy of BCAs 
is the first key step for the subsequent successful development of effective formu-
lations (Fravel 2005; Höfte and Altier 2010; Pliego et al. 2011b). Moreover, tak-
ing advantage of the basic knowledge on biocontrol traits gathered from studies 
predominantly carried out with isolates from culture collection, the search, isola-
tion and identification of new strains adapted to field conditions is encouraged. 
This approach will serve to overcome failures on biocontrol performance some-
times predicted and usually observed for culture collection strains (Campbell 1989). 
Höfte and Altier (2010) have recently summarized two case studies exemplifying 
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approaches aimed to isolate and screen novel, indigenous and effective biocontrol 
Pseudomonas spp. strains in South America and Africa.

The interest that biocontrol companies may have in developing novel micro-
bial products ( decision making) will mainly depend, among other issues, in how 
important is the target crop ( market size) and what is the incidence and severity of 
the phytopathological problem(s) affecting it ( level of economical losses to over-
come = financial profit). If evaluation of opportunities turns out to be positive, com-
panies should then be in the position to evaluate at the field level what academic 
research is most of the times only able to examine at laboratory or (semi)controlled 
conditions ( know-how transfer). Finally, important issues to be considered are the 
proper evaluation of the environmental safety of novel bioproducts ( risk/safety as-
sessment), development of procedures for the production, long-term storage and 
delivery of stable and effective products ( bio-formulation technology), and assess-
ment of their performance against different pathogens (or their pathogenic varieties, 
i.e. strains, isolates, pathovars, etc.) and/or crops, as well as under diverse agronom-
ical, geographical and environmental conditions ( effective range of the bioproduct).

  BCAs safety undergoes a severe scrutiny and is submitted to strict regulations 
issued by food authorities prior to be approved as marketable (Pliego et al. 2011a). 
Indeed, concerns are sustained by studies alerting on the risk that potential BCA 
may pose for human health (Berg et al. 2005; Kumar et al. 2013). Therefore, proper 
identification of strains that could eventually behave as opportunistic pathogens un-
der specific circumstances (i.e. immuno-depressed patients) is compulsory. Avail-
able molecular procedures and/or novel promising approaches such as the assay 
with the model nematode Caenorhabditis elegans to assess the pathogenic potential 
of a BCA (Zachow et al. 2009) are potent tools to accomplish with that aim. The 
same accounts for BCAs whose biocontrol activity is based on the synthesis and 
release of new antibiotics and/or toxic metabolites. The possibility that these com-
pounds, or the BCAs themselves, may pose undesirable effects on non-target mi-
crobiota (soil microorganisms, particularly beneficial) and/or flora and fauna of the 
target application site requires of thorough analyses to determine potential toxico-
logical and environmental impacts (for instance, Scherwinski et al. 2008; Adesina 
et al. 2009). A good example on the concern raised by a BCA is the evaluation report 
on Pseudomonas chlororaphis MA342 performed by the scientific committee on 
plants of the Health and Consumer Protection Directorate-General of the EU (http://
ec.europa.eu/food/fs/sc/scp/out120_ppp_en.pdf). This strain has been formulated 
and used for the control of seed-borne Tilletia caries, Fusarium sp., Microdochium 
nivale and Septoria nodorum in cereals (Hökeberg 2006).

Effective bioformulations should meet requisites such as good preservation and 
long-storage properties of the active component (the BCA), easiness to be delivered 
to their targets, and proven activity (Burges 1998). On the other hand, production 
line of the bioformulation must be cost effective as well, able to overcome cases of 
low productivity of specific BCAs, and not be detrimental to any biocontrol trait(s) 
aimed to be exploited (Fravel et al. 2005; Pliego et al. 2011a). Unlike spore-forming 
biocontrol Bacillus spp. strains, Pseudomonas spp. strains have the disadvantage 
that must be formulated as vegetative cells. The former can endure for longer pe-
riods of time when produced as powder or granular formulations. On the contrary, 
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they need time to revert from the quiescent stage to metabolically-active forms. For 
biocontrol Pseudomonas spp. strains, seed-coating, freeze-dried and liquid formu-
lations can be good options, although the latter one may pose problems of viability 
loss along time. It is worth mentioning that the choice of a bioformulation may 
also depend on the target crop, cropping practices and irrigation system available. 
Development of improved Pseudomonas spp.-based bioformulations still need of 
further technical inputs to overcome problems of stability and storage, although 
methodological approaches such as freeze-drying or bacteria fixation on solid sup-
ports such as clay look promising (Muñoz-Rojas et al. 2006; Jiang et al. 2007).

Concluding Remarks

Many strains of Pseudomonas spp. can reduce diseases of plants significantly by 
means of diverse mechanisms which are not mutually exclusive. Some strains can 
even establish a mutualistic type of interaction with their plant hosts, developing 
an endophytic lifestyle. Basic knowledge on the molecular, physiological and eco-
logical mechanisms underlining biocontrol Pseudomonas-plant interactions have 
increased at steady and rapid rate during the last decades. This is particularly true 
for mechanisms such as antibiosis, although others like induction of defensive re-
sponses such as ISR or SAR still need of better understanding. Enhancement of 
the colonization ability of the targeted niches and/or phytopathogens by biocontrol 
pseudomonads are interesting areas to further investigate. Regarding to the rhizo-
sphere and to Pseudomonas-root interactions, a better knowledge on the compo-
sition and function of organic volatiles and root exudates is clearly needed. This 
should be accomplished by implementing multidisciplinary approaches and taking 
advantage of the currently-available and powerful technologies to explore plant-
bacteria-soil interactions. New areas of research like insecticidal activity and en-
dophytism pose promising perspectives. The use of endophytic Pseudomonas spp. 
strains offers the advantage of dealing with bacteria ecologically adapted to the 
target niche (inner plant tissues) where they may deploy their beneficial effects. 
Nevertheless, insights on the endophytic colonization process as well as on the bio-
control mechanisms operating once endophytic bacteria are well established inside 
plant tissues are still needed. The same accounts to comprehend how application of 
endophytic Pseudomonas spp. may overcome the plant’s defensive barriers to suc-
cessfully colonize them. Likewise, more studies are needed to understand whether 
the biocontrol potential of introduced biocontrol pseudomonads (either endophytic 
or not) can be affected by the innate microbiome of the host plant; and vice versa, 
how the indigenous plant microbiota can be influenced by the external applica-
tions of BCAs and whether this effect may alter host plant development and fitness. 
More efforts are also needed to improve the effectiveness, stability and storage of 
Pseudomonas-based bioformulations, as well as to improve the current burden-
some registration process of biocontrol products. Research and information efforts 
should also aim to overcome the negative perception that consumers and politicians 
may have about the use of these bioproducts, which should be viewed as more 
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environmental-friendly tools compared with chemical biocides, provided that all 
precautions mentioned above have been taken into account. The use of biocontrol 
and plant growth promotion microorganisms, including beneficial Pseudomonas 
spp. strains, should play a more relevant role in agriculture. Biocontrol measures 
must be viewed as excellent tools to use in combination with other disease control 
measures within integrated disease management frameworks.
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