Chapter 2
Bacteria for Plant Growth Promotion
and Disease Management

Brahim Bouizgarne

2.1 Introduction

Soil is an excellent niche of growth of many microorganisms: protozoa, fungi,
viruses, and bacteria. Some microorganisms are able to colonize soil surrounding
plant roots, the rhizosphere, making them come under the influence of plant roots
(Hiltner 1904; Kennedy 2005). These bacteria are named rhizobacteria. Rhizobacteria
are rhizosphere competent bacteria able to multiply and colonize plant roots at all
stages of plant growth, in the presence of a competing microflora (Antoun and
Kloepper 2001) where they are in contact with other microorganisms. This condi-
tion is wildly encountered in natural, non-autoclaved soils.

Generally, interactions between plants and microorganisms can be classified as
pathogenic, saprophytic, and beneficial (Lynch 1990). Beneficial interactions involve
plant growth promoting rhizobacteria (PGPR), generally refers to a group of soil and
rhizosphere free-living bacteria colonizing roots in a competitive environment
and exerting a beneficial effect on plant growth (Kloepper and Schroth 1978;
Lazarovits and Nowak 1997; Kloepper et al. 1989; Kloepper 2003; Bakker et al.
2007). However, numerous researchers tend to enlarge this restrictive definition
of rhizobacteria as any root-colonizing bacteria and consider endophytic bacteria in
symbiotic association: Rhizobia with legumes and the actinomycete Frankia associated
with some phanerogams as PGPR genera. Among PGPRs are representatives of the
following genera: Acinetobacter, Agrobacterium, Arthrobacter, Azoarcus,
Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, Pseu-
domonas, Rhizobium, Serratia, and Thiobacillus. Some of these genera such as
Azoarcus spp., Herbaspirillum, and Burkholderia include endophytic species.
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However, Pseudomonas and Bacillus species constitute, together with Streptomy-
ces species, the most bacteria often found in the rhizosphere of many crop plants.

In recent years, interest in the use of PGPR to promote plant growth has
increased. Beneficial effect of PGPR on plant growth involves abilities to act as
phytostimulators; biofertilizers. PGPR could enhance crop yield through nutrient
uptake and plant growth regulators. PGPR could also act as biocontrol agents
by production of antibiotics, triggering induced local or systemic resistance, or
preventing the deleterious effects of xenobiotics by degradation (rhizoremediators)
by acting as rhizoremediators (Jacobsen 1997; Somers et al. 2004; Aseri et al. 2008;
Glick et al. 2007; Van Loon 2007). Their application as crop inoculants for
biofertilization would be an attractive option to reduce the use of chemical
fertilizers (Bloemberg and Lugtenberg 2001; Vessey 2003). In addition, PGPR
have great adaptation to harsh environments including drought stress (Arshad
etal. 2008; Arzanesh et al. 2011), salt stress (Mayak et al. 2004), high temperatures,
dryness or heavy rainfalls in tropical countries (Da Mota et al. 2008), and
contaminated environments (Burd et al. 2000; Gupta et al. 2002; Dell’ Amico
et al. 2008), indicating that they could contribute to ameliorate plant crops in
areas with poor agricultural potential.

Biocontrol by rhizobacteria could involve PGPR and non-PGPR bacteria in the
way that suppression of plant diseases could result in no enhancement of plant
growth but only in protection against plant pathogens. Action of bacteria in the
rhizosphere is also restricted by their ability to colonize the rhizosphere. Indeed, in
practice, we cannot conclude that a bacterium is a PGPR only after its isolation
from rhizobacteria and its reintroduction by plant inoculation followed by assess-
ment of its ability to colonize rhizosphere and beneficial effect. This corresponds to
only 2-5 % of rhizobacteria (Kloepper and Schroth 1978).

2.2 Root Colonization by Rhizobacteria

Schmidt (1979) proposed the term rhizosphere competence as related to soil
microorganisms that show enhanced growth in response to developing plant
roots. According to Weller (1988), root colonization is related to bacteria which
can colonize the whole root system and survive during several weeks in the
presence of the natural microflora. Later, Baker (1991) considered that root coloni-
zation is the ability of a microorganism, applied by seed treatment, to colonize the
rhizosphere of developing roots. Both terms are used by authors to design the same
process, that of the ability of microbial strains to grow and inhabit in the vicinity of
roots (rthizosphere) or on the root system. The term rhizosphere effect designs the
fact that bacterial density is higher in the rhizosphere in comparison to non-
rhizosphere soil (Foster and Rovira 1978). Rhizosphere competence of
rhizobacteria is strongly correlated with their ability to use organic acids as carbon
sources, and the composition and quantity of root exudates influence also the nature
of bacterial activity (Loper and Schroth 1986; Goddard et al. 2001). Abundance and



2 Bacteria for Plant Growth Promotion and Disease Management 17

diversity of microorganisms in the rhizosphere are likely to be related to plant
species due to differences in root exudation and rhizodeposition (Marschner et al.
2004; McSpadden Gardener 2004; Lemanceau et al. 1995). The root competence
plays a major role in antagonistic activities of some bacteria. Root colonization is so
important since poor colonization could cause decreased biocontrol activity.
Indeed, population size was reported in many works as correlated to the efficiency
of biocontrol activity against plant pathogens (Bull et al. 1991).

The ability to suppress disease by introduced Pseudomonas strains relies mainly
on their ability to colonize the roots (Chin-A-Woeng et al. 2000) and their rhizo-
sphere population density (Raaijmakers and Weller 1998). For example, the thresh-
old population density required for significant suppression of take-all of wheat by
two Pseudomonas spp strains; Q2-87 and Q8r1-96 is on average 1.2 x 10° CFU g™
and 4.6 x 10° CFU g™' root respectively (Raaijmakers and Weller 1998). Also, due
to their lack of motility and consequently rhizosphere colonization, some Pseudo-
monas strains, producing the antibiotic phenazine, failed to suppress soil-borne
pathogens (Chin-A-Woeng et al. 2003). Approaches aiming to enhance PGPR root
colonization have focused on the effect of abiotic factors (Howie et al. 1987) and
biotic factors (Notz et al. 2001): host genotype (Smith and Goodman 1999) and
microbial genotypes (Landa et al. 2002, 2003). For instance, it was reported that
plant growth promotion observed in tomato was more pronounced with two
rhizosphere-competent streptomycetes S. filipinensis and S. atrovirens isolates
than a non-rhizosphere-competent isolate. These two strains produced 1-
aminocyclopropane-1-carboxylate (ACC) deaminase and/or indole acetic acid
(IAA) (El-Tarabily 2008).

2.2.1 Distribution and Localization of Root Competent
Rhizobacteria

For the effective establishment of PGPR beneficial effects, the ability to colonize
plant roots by introduced bacteria is an important trait. Attempts to measure external
or internal amount of bacteria that colonize root are generally performed after root
washing and disinfecting. In these studies, whole root systems or root segments are
used. Generally, to determine colonization rate of the bacteria, enumeration of root
colonizing bacteria, especially fluorescent pseudomonads, is classically performed
by dilution plating (Ongena et al. 2000; Gamalero et al. 2004). Enumeration is
performed on nutrient media generally supplemented with antifungal antibiotics
such as yeast mannitol agar (YMA) with spectinomycin and kasugamycin (Chebotar
et al. 2001) for the isolation of Bradyrhizobium japonicum. For the isolation of
Pseudomonads and fluorescent Pseudomonas sp., TSA (Barnett et al. 1999) and
King’s medium B agar (Raaijmakers and Weller 1998) are used. The most used
antibiotics are cycloheximide (which prevents the growth of fungi) and antibacterial
compounds such as chloramphenicol and ampicillin (Simon and Ridge 1974;
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van Wees et al. 1997). Media like actinomycete isolation agar or Olson medium
(Olson 1968) or the rhizospherical soil extract medium (Bouizgarne et al. 2006)
supplemented with nalidixic acid and cycloheximide are largely used for the isolation
of Streptomycetes. Using a selective medium containing cycloheximide and
carbenicillin, Streptomyces lydicus WYEC 108 were recovered from non-sterile
soils. Monitored population of WYEC 108 in both roots and non-rhizospheric soils
of pea, cotton and sweet corn planted in amended sterile and non-sterile soils revealed
that over 30 days, the population remains stable at 10° CFU g~ root, whereas in non-
rhizosphere soil it decreases by 100-fold at least (Yuan and Crawford 1995).

Spontaneous chromosomal mutants or engineered strains with antibiotic resis-
tance are widely used in dilution plating method. The most common resistance used
is for rifampicin which is selective for rifampicin-resistant Pseudomonas
spp. (Geels and Schippers 1983; Raaijmakers et al. 1999; FlieSbach et al. 2009)
and streptomycin (Asaka and Shoda 1996). Visualization of root colonization was
assessed by various techniques: Immunofluorescence microscopy (Troxler et al.
1997; Gamalero et al. 2004), immunofluorescence colony (IFC) staining technique
(Schobe and vanVuurde 1997; Raaijmakers et al. 1995) and scanning microscopy
(Chin-A-Woeng et al. 1997; Tokala et al. 2002; Gamalero et al. 2004), and confocal
laser scanning electron microscopy (Bloemberg et al. 2000; Bolwerk et al. 2003;
Gamalero et al. 2004, 2005). In addition to its ability to quantify soil bacteria,
bioluminescence genes method (lux gene) also allows to detect genetically
engineered soil bacteria (de Weger et al. 1997). All these techniques enabled easier
study of PGPR in their natural environment.

Work by Gamalero et al. (2004) concluded that the population dynamics showed
spatiotemporal density variation according to the root zone. While Pseudomonas
Sfluorescens A6RI density decreased with time in the apex, the elongation, and the
young hairy zones, no variation with time was recorded in the hairy zone and the old
hairy and the collar zones, and concluded that these variations could be due to
patterns of exudates composition and concentrations along the root. P. polymyxa
was found to be capable of colonizing the root tip and the intercellular spaces
outside the vascular cylinder of Arabidopsis thaliana and barley (Hordeum vulgare)
(Timmusk et al. 2005).

Visualization of cellular rhizosphere interactions between antagonistic strains
(Pseudomonas and Bacillus) and Fusarium oxysporum f. sp. radicis-lycopersici, the
causal agent of tomato shoot and root rot, was performed using epifluorescence and
confocal laser scanning microscopy (CLSM). By labeling these microorganisms
differently with autofluorescent proteins, simultaneous detection enabled deep
studies of these interactions in the tomato rhizosphere. According to these
researches, biocontrol bacteria were able not only to colonize the tomato roots
(Chin-A-Woeng et al. 1997; Bloemberg 2007), but also to colonize fungal hyphae,
causing different stress effects to its growth (Bolwerk and Lugtenberg 2005) and
actively attacking the pathogen, by producing antibiotic phenazine-1-carboxamide
(PCN) (Chin-A-Woeng et al. 1998; Bolwerk et al. 2003).
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Generally, population density of actinomycetes is largely higher in rhizosphere in
comparison with non-rhizosphere soils (Miller et al. 1989, 1990). SEM studies of the
root colonization of Streptomyces griseoviridis showed a higher density in the
rhizosphere of lettuce than in non-rhizosphere soil (Kortemaa et al. 1994). Also
SEM study of Streptomyces lydicus WYEC 108 showed a particular interaction
between S. lydicus strain WYEC 108 and nodules of Pea. It appeared to colonize
nodulation sites, and then the vegetative hyphae moved onto root hairs and from the
external surface of the root cells into the interior of the root cells, intermittently
(Tokala et al. 2002). Moreover, PCR-DGGE analysis of DNA from colonized nodules
revealed the presence of a Streptomyces band in addition to other bands corresponding
to the plant and Rhizobium. The discovery of a native actinomycete colonizing the
surface of a root nodule of a pea plant from an agricultural field in north Idaho
demonstrated that this phenomenon could be frequent in nature (Tokala et al. 2002).

2.2.2 Molecular and Biochemical Basis of Root Colonization

However, classical cultivation-based analysis has the disadvantage that only a small
proportion of the bacterial populations can be recovered (Amann et al. 1995). More
accurate techniques are actually used to quantify bacteria: measuring bacterial
activity by thymidine and leucine incorporating techniques (Soderberg and Baat
1998), immunological techniques such as ELISA (REF) and IFC staining technique
(Mabhaffee et al. 1997), flow cytometry (Tombolini et al. 1997; Gamalero et al. 2004)
and bioluminescent /ux gene tagged bacteria (Mahaffee et al. 1997; Kragelund et al.
1997), and fluorochrome-labeled RNA-directed probes (Assmus et al. 1995). Pseu-
domonas colonies isolated from the roots of wheat on King B medium and harboring
the genes for Phl (2,4-diacetylphloroglucinol) were subsequently quantified by
colony hybridization with a Phl-probe followed by polymerase chain reaction
(PCR) analysis using Phl-specific primers (Raaijmakers and Weller 1998).

Some of these works showed that higher colonization patterns were found near
the collar zone (Kragelund et al. 1997; Gamalero et al. 2004) where root exudation
activity is higher (Grayston et al. 1996) in comparison with the apical zone. In
addition, these researches agreed that the preferential location of bacteria is situated
at the junction between epidermal cells (Chin-A-Woeng et al. 1997; Gamalero et al.
2004, 2005; Lagopodi et al. 2002; Bolwerk et al. 2003) or between and inside the
epidermal and cortical cells (Troxler et al. 1997).

In order to study bacterial distribution and organization in the root zones, molecu-
lar fingerprinting techniques such as amplified rDNA restriction analysis (ARDRA),
whole-cell repetitive sequence-based polymerase chain reaction (rep-PCR), random
amplified polymorphic DNA (RAPD) analysis, and restriction fragment length poly-
morphism (RFLP) allowing to detect bacteria were performed by several authors.
Other methods such as the use of genetically engineered bacteria by introduced
marker gene or a reporter gene to detect innate activity of the bacterium are used.
An example is the use of LacZ which encodes for the B-galactosidases (Kluepfel
et al. 1991).
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PCR could also detect bacteria by analyzing total rhizosphere DNA or rhizosphere
16S rDNA fragments (Smalla et al. 2001), or amplification of specific genes such us
those encoding antibiotics. An example is the use of two oligonucleotide primers
Phl2a and PhI2b that targeted the gene for 2.4-diacetylphloroglucinol (Phl)
(Raaijmakers and Weller 1998). PCR amplification of target phlD genes from
2,4-diacetylphloroglucinol (2,4-DAPG) producers provides a technique sensitive
enough to detect log 2.4 cells per sample (McSpadden-Gardener et al. 2001). Colony
hybridization followed by PCR analysis was used to determine the frequency of
2,4-DAPG producing wheat root-associated fluorescent Pseudomonas in take-all
disease suppressive and conductive soils, and showed that in conductive soils these
strains were not detected or were detected at densities at least 40-fold lower than those
in the suppressive soils. Moreover, in suppressive soils, 2,4-DAPG producing Pseu-
domonas spp. were present on roots of wheat at densities above the threshold required
for significant suppression of take-all of wheat (Raaijmakers et al. 1997). Genetic
profiles of over a dozen distinct genotypes within a worldwide collection of 2.4-
DAPG-producing fluorescent Pseudomonas spp. isolated from soils suppressive to
Fusarium wilt or take-all were analyzed, and isolates belonging to two BOX-PCR
genotypes (D-genotype strains and P-genotype strains) were found to be more
aggressive colonists of the rhizosphere of pea plants than isolates of other genotypes,
suggesting that biosynthetic gene phlD profiles were predictive of their rhizosphere
competence (Landa et al. 2002). Furthermore, P. fluorescens Q8r1-96, a representa-
tive D-genotype strain, was a potent competitor toward representatives of the less
competent A, B, and L genotypes when coinoculated in a 1:1 ratio in the wheat
rhizosphere over several successive cycles (Landa et al. 2003).

Using DGGE fingerprints of PCR-amplified 16S rDNA of whole bacterial
communities in three plants: strawberry, potato, and oilseed rape, smalla et al.
(2001) found significant differences in microbial community abundance between
soil and rhizosphere communities. Similar results were found for Bacillus and
Paenibacillus which are more abundant in bulk soil than in plant tissues
(McSpadden Gardener 2004) using a ribotyping method.

The use of genetically engineered strains defected in some characteristics important
in the attachment to plant roots could affect dramatically their effectiveness. It was
reported in Pseudomonas that flagella (de Weger et al. 1987), pilli (Vesper 1987),
O-antigens of lipopolysaccharide (LPS) (de Weger et al. 1989), an agglutinin present in
the root (Anderson et al. 1988; Glandorf et al. 1994), and the outer membrane protein
OprF (de Mot et al. 1992) are involved in root colonization, particularly in the bacterial
attachment to roots. Mutants defective in the synthesis of the O-antigen of LPS are
impaired in rhizosphere competence (de Weger et al. 1989; Dekkers et al. 1998).
However, genetic determinants involved in the biochemical interactions between root
plants and bacteria are poorly understood. On the other hand, flagella and LPS are also
reported as bacterial determinants recognized by plants in the process of triggering
systemic resistance (Gomez-Gomez et al. 1999; Leeman et al. 1995a, 1995b; Van Peer
and Schippers 1992; Duijff et al. 1997; Bakker and Schippers 1995).

Plant—bacteria communication involves diverse signaling molecules. Strains
belonging to Bacillus were reported as producers of volatile organic compounds



2 Bacteria for Plant Growth Promotion and Disease Management 21

such as acetoin and 2,3-butanediol involved in plant-bacteria communication
(Ryu et al. 2003). Aldehydes, ketones, and alcohols had been found to be involved
in A. thaliana recognition of Bacillus strains by triggering morphogenetic changes
in root system, consisting of stimulation of primary root growth and/or lateral root
development. A good correlation between biomass production and lateral root
growth was shown, suggesting that this kind of chemical communication might
be of ecological relevance toward enhancing root colonization and reinforcing
symbiotic interactions between plants and their associated bacterial populations.
However, molecular mechanisms and signaling pathways involved in A. thaliana
responses to volatile organic compounds remain poorly understood (Gutiérrez-Luna
et al. 2010). Despite the well-studied dynamics of root colonization ability of
Actinomycetes (Merzaeva and Shirokikh 2006; Franco et al. 2007), little is
known about biochemical and molecular traits involved in this interaction as it
has been mostly studied on pathogenic actinomycetes, particularly Clavibacter
michiganensis where bacterial exopolysaccharides have been shown to bind to
receptor proteins present on the plasma membrane of potato cells (Shafikova
et al. 2003; Bermpohl et al. 1996).

2.3 Rhizobacteria Antagonistic to Plant Disease Agents

2.3.1 Gram Negative Bacteria

The most important group of PGPR among Gram negative bacteria are the genera
Pseudomonas.

2.3.1.1 Pseudomonas

PGPR effect of Pseudomonas was largely reviewed (Lemanceau 1992). Bacteria
belonging to Pseudomonas were reported as PGPR for many crops of potato
(Solanum tuberosum L.) (Burr et al. 1978; Schippers et al. 1987), radish (Raphanus
sativus L.) (Kloepper and Schroth 1978), sugar beet (Beta vulgaris L.) (Suslow and
Schroth 1982), and lettuce (Chabot et al. 1993).

Strains of fluorescent pseudomonads used in biocontrol have contributed greatly
to the understanding of the mechanisms involved in disease suppression. Many
of these bacteria could prevent plant diseases by various mechanisms: antibiosis,
competition, or parasitism. Within the genus Pseudomonas, Pseudomonas fluorescens
which are ubiquitous rhizosphere inhabitant bacteria are the most studied group
(Weller 1988). They were shown to have a higher density and activity in the
rhizosphere than in bulk soil. When introduced on seed or planting material,
they promote plant growth or control plant diseases by suppressing deleterious
rhizosphere microorganisms. They are able to compete aggressively for sites in
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the rhizosphere and prevent proliferation of phytopathogens by niche exclusion,
production of antibiotics and siderophores, or inducing systemic resistance
(De Weger et al. 1986; Haas and Défago 2005; Krishnamurthy and Gnanamanickam
1998); by stimulating plant growth by facilitating either uptake of nutrients from soil
(De Weger et al. 1986); or by producing certain plant growth promoting substances
(Ryu et al. 2005; Spaepen et al. 2007). Fluorescent pseudomonads have been applied
to suppress Fusarium wilts of various plant pathogens (Lemanceau and Alabouvette
1993), Clavibacter michiganenis subsp. michiganesis, causal agent of tomato bac-
terial canker (Amkraz et al. 2010). In addition, their presence is correlated with
disease suppression in some suppressive soils (Kloepper et al. 1980a; Lemanceau
et al. 2006). Examples of commercially available biocontrol products from Pseudo-
monas are Bio-save (P. syringae) and Spot-Less (P. aureofaciens Tx-1).

Van Peer et al. (1991) reported protection of carnation from fusarosis due to
phytoalexin accumulation upon treatment with Pseudomonas strain WCS417. Other
works followed including the use of P. fluorescens as an inducing agent to prevent the
spread of various plant pathogens (Maurhofer et al. 1994; Duijff et al. 1994a; Leeman
et al. 1995b; Pieterse et al. 2000). P. fluorescens CHAOQ showed ability to protect
tobacco against the tobacco necrosis virus concomitant with a systemic accumulation
of salicylic acid and associated with the induction of multiple acidic pathogenesis-
related proteins, including PR-1a, -1b, and -1c (Maurhofer et al. 1994). Inoculation of
A. thaliana by P. fluorescens WCS417r and of rice by WCS374r conducted to
induced systemic resistance (ISR) respectively to Pseudomonas syringae pv. tomato
(Pieterse et al. 2000) and to the leaf blast pathogen Magnaporthe oryzae
(De Vleesschauwer et al. 2008).

2.3.2 Gram Positive Bacteria

The most important group of PGPR among Gram positive bacteria are Bacillus,
Paenibacillus, and Actinomycetes.

2.3.2.1 Bacillus and Paenibacillus

Different species of Paenibacillus can induce plant growth by fixing atmospheric
nitrogen (Von Der Weid et al. 2002), and producing auxins (Lebuhn et al. 1997;
Bent et al. 2001; Da Mota et al. 2008) and cytokinin (Timmusk et al. 1999).
Benificial effects were reported in lodgepole pine (Pinus contorta) (Bent et al.
2001) and spruce (Picea sp.) (Shishido et al. 1995) after inoculation of P. polymyxa
strain. Bacillus strains could also repress soil-borne pathogens (Von Der Weid et al.
2005) and induce plant resistance to diseases following root colonization (Timmusk
and Wagner 1999).

In the opposite to Pseudomonas and other nonspore-forming bacteria, Bacillus
spp. are able to form endospores that allow them to survive for extended periods
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under unfavorable environmental conditions. This trait is relevant in their relative
durable viability when stored for a relatively long period (shelf-life). Bacillus species
have been reported as plant promoting bacteria in a wide range of plants (Deepa et al.
2010; Bai et al. 2003; Kokalis-Burelle et al. 2002; Kloepper et al. 2004). Different
Bacillus species were reported to be effective biocontrol agents in greenhouse or field
trials (Stabb et al. 1994; Kloepper et al. 2004). Isolates of Bacillus subtilis inhibited S.
cepivorum in vitro and were able to suppress the incidence of onion white rot, leading
to an increased onion emergence and yield (Utkhede and Rahe 1980). The suppres-
sion of onion white rot could be due to a possible antibiotic production and probably
also metabolization of onion produced stimulants of sclerotial germination (Utkhede
and Rahe 1980). Members of Bacillus were reported as producers of antibiotics
inhibiting various phytopathogens including F. oxysporum f. sp. ciceri (Kumar
1999) and Rhizoctonia solani (Asaka and Shoda 1996).

Mechanisms involved in Bacillus eliciting plant growth promotion include
auxin production (Idris et al. 2004; Deepa et al. 2010), increased uptake avail-
ability of phosphorus (Idris et al. 2002; Deepa et al. 2010), biocontrol abilities
(Asaka and Shoda 1996; Jacobsen et al. 2004), and induction of systemic resis-
tance (Zehnder et al. 2000; Jetiyanon et al. 2003; Bargabus et al. 2003; Kloepper
et al. 2004). An example of the use of Bacillus as biocontrol PGPR agents include
the use of two B. subtilis strains (G1 and B3), and two Bacillus amyloliquefaciens
strains (FZB24 and FZB42) in tobacco, either in the presence or absence of
tobacco mosaic virus (TMV). In these experiments, they significantly reduced
disease severity. Commercial available biocontrol products include Kodiak (B.
subtilis strain GB03), Serenade (B. subtilis QST 713), YieldShield (Bacillus
pumilus strain GB34), Companion (Bacillus subtilisformis, B. megaterium), and
EcoGuard (Bacillus licheniformis strain SB3086).

Bacillus strains were also reported to be potent inducers of systemic resistance
(ISR). Jetiyanon et al. (2003) observed that one PGPR mixture, B. amyloliquefaciens
strain IN937a and B. pumilus strain IN937b, protected plants by inducing systemic
resistance against southern blight of tomato caused by Sclerotium rolfsii, anthracnose
of long cayenne pepper caused by Colletotrichum gloeosporioides, and mosaic
disease of cucumber caused by cucumber mosaic virus (CMV). In a greenhouse
experiment, induced resistance to CMV resulted in 32 % of diseased tomato plants in
the most effective PGPR treatments with B. subtilus IN937b compared with 88% in
the nonbacterized plants (Zehnder et al. 2000). Bacillus spp. have been tested in field
trials for their capacity to reduce the incidence and severity of the tomato mottle virus
(ToMoV) that is transmitted by whiteflies (Murphy et al. 2000; Zehnder et al. 2001)
and against CMV (Zehnder et al. 2001).

The ISR displayed against CMV on tomato can be obtained under field conditions
albeit at variable extents than that reported from greenhouse experiments (Raupach
et al. 1996). Bacillus thuringiensis induced accumulation of PR proteins in coffee
against Hemileia vastatrix (Guzzo and Martins 1996). B. amyloliquefaciens strain
EXTN-1 induced pathogenesis-related genes including PR-1a against anthracnose
disease caused by Colletotrichum orbiculare in cucumber (Park et al. 2001; Jeun
et al. 2001). In addition to induction of phenylalanine ammonia-lyase (PAL), and
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3-hydroxy-3-methylglutaryl CoA reductase (HMGR) genes, EXTN-1 induced tran-
script accumulation of defense-related genes of PR, particularly PR-1a mRNA, upon
challenge inoculation with the Pepper mild mottle virus in tobacco, while EXTN-1
treatment of Arabidopsis wild type Col-0 resulted in the activation of PR-1 and the
ethylene encoding gene PDF1.2 (Ahn et al. 2002).

2.3.2.2 Actinomycetes

Actinomycetes are Gram-positive bacteria characterized by a genome with high
G+C ratio. They are for the most aerobic, but some of them can grow anaerobically.
Several Actinomycetes form branching filaments and possess mycelial growth and
some species produce external spores.

Despite the fact that actinomycetes are largely spread in the nature especially in
telluric ecosystems and that they were strongly studied since they are the origin of
numerous antibacterial and antifungal compounds and some are used in biocontrol,
only few works are interested in their usefulness as PGPR for plants like wheat
(Aldesuquy et al. 1998; Hamdali et al. 2008a) and broccoli (Hasegawa et al. 2008).
Recent works demonstrated that plant promotion relies on the ability of the
Actinomycetes to solubilize phosphate (El-Tarabily et al. 2008; Hamdali et al.
2008b) or to produce phytohormones (El-Tarabily 2008; Hamdali et al. 2008a),
showing the great interest of actinomycetes solubilizing phosphate in soils deficient
in available soluble phosphorus (P). In greenhouse experiments, rhizosphere-
competent Micromonospora endolithica induced increase in available P in the soil,
promoted the growth of roots and shoots of bean plants in comparison with a non-
phosphate-solubilizing, non-rhizosphere-competent isolate (M. olivasterospora)
(El-Tarabily et al. 2008). El-Tarabily (2008) reported that the plant growth promotion
was most pronounced with one actinomycete strain S. filipinensis than with
another isolate S. atrovirens in greenhouse experiment, probably due to the ability
of S. filipinensis to produce both ACC deaminase and IAA while S. atrovirens
produce only ACC deaminase.

It is likely that more interest was addressed to the antibiotic production by
actinomycetes or their biopesticide capacities since almost all works were initially
interested in these topics. Thus, most studied PGPR actinomycetes possess
antibacterial or antifungal activity as they were initially screened for works aiming
to suppress a plant disease (de Vasconcellos and Cardoso 2009; El-Tarabily and
Sivasithamparam 2006; Hamby and Crawford 2000). Examples of commercial
biocontrol products from actinomycetes are Mycostop (Streptomyces griseoviridis
K61), Actinovate (Streptomyces lydicus), and Nogall (Agrobacterium radiobacter
Strain K1026).

Merriman et al. (1974) reported the use of the PGP Streptomyces griseus isolate
with biocontrol abilities toward R. solani in carrot. Antagonistic Streptomycetes
were also used to promote the growth of coniferous plants. In Brazil, one Strepto-
myces isolate genetically close to Streptomyces kasugaensis able to inhibit the



2 Bacteria for Plant Growth Promotion and Disease Management 25

growth of Fusarium and Armillaria pine rot showed also plant promotion in growth
of Pinus taeda seedlings under greenhouse experiment (de Vasconcellos and
Cardoso 2009). El-Abyad et al. (1993) described the use of three Strepromyces
Spp., S. pulcher, S. canescens, and S. citreofluorescens, effective in the control of
some tomato diseases including those caused by F. oxysporum f. sp. lycopersici,
Verticillium albo-atrum, Alternaria solani, Pseudomonas solanacearum, and
Clavibacter michiganensis subsp. michiganensis in tomato. As seed-coating,
tomato growth was significantly improved with the tree antagonistic.

S. violaceusniger YCED?Y, an antifungal producer (Hamby and Crawford 2000),
showed also carrot growth promotion under gnotobiotic conditions. From eight
strains shown to be strong P. ultimum antagonists, only one (strain WYEC 107)
significantly enhanced lettuce growth in the absence of Pythium ultimum in glass-
house pot studies over a 20-day experiment (Crawford et al. 1993). However
another isolated antagonistic strain to P. ultimum, Streptomyces lydicus strain
WYEC 108, with demonstrated PGPR effect in carrots and beets in the absence
of fungal pathogen stress (Hamby 2001) had shown in another work an increase in
average plant stand, plant length, and plant weight of pea and cotton seedlings
grown in either Pytium ultimum-infested sterile or non-sterile soils (Yuan and
Crawford 1995). In addition to increasing shoots length and plant and root wet
weights in pea seedlings in both growth chamber and greenhouse experiments,
Streptomyces lydicus strain WYEC 108 was also found to increase root nodulation
frequency by Rhizobium spp. and nodule size and number as shown by the more
numerous and vigorous nodules found in Streptomyces-colonized plants than in
control. Also, an increase in the number of bacteroids per nodule, nitrogenase
activity, and nodular assimilation of iron was reported (Tokala et al. 2002). Due
to its high potential as fungal antagonist, its good establishment in the rhizosphere
of various plants at significant levels (10* CFU g~ of soil), and as it can easily be
reisolated for 26 months after inoculation (Crawford et al. 1993). S. lydicus strain
WYEC 108 led to the formulation and the commercialization of Actinovate® and
Actino-Iron®, a well-known biocontrol product (Crawford et al. 2005).

2.4 Bacterial Antagonism: Protection Against Phytopathogens

Generally plant diseases cause 10-20 % loss in production (James 1981). The use of
antibacterial and antifungal chemicals is deprecated in view of sustainable agricul-
tural practices. Hence, an alternative to chemical control of plant diseases by the use
of bacteria able to antagonize phytopathogenic is considered as a more environ-
mentally friendly process. Biological control of soil-borne pathogens with antago-
nistic bacteria has been intensively investigated. In this mode of action, direct
interaction between PGPR and the endogenous microflora is necessary. PGPR
can promote plant growth by suppressing diseases caused by soil-borne pathogens
(Van Loon and Glick 2004).
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Rhizobacteria can antagonize pathogens through competition, production of
antibiotics, or secretion of lytic enzymes (Van Loon and Bakker 2003) that make
them a potent tool for reducing damages through preventing deleterious effects of
phytopathogens. The main bacteria are representatives of the genera Pseudomonas,
Bacillus, and Streptomyces. Numerous studies on bacteria antagonistic to
phytopathogens include bacteria such as fluorescent Pseudomonas and Bacillus
subtilis (Kloepper et al. 1989).

2.4.1 Antagonism by Production of Lytic Enzymes

Lytic enzymes are glucanases, proteases (Dunne et al. 1997), cellulases, and
chitinases. Bacteria could parasitize disease-causing fungi by the production of
these enzymes. Some enzyme producing bacteria are able to destroy oospores of
phytopathogenic fungi (El-Tarabily 2006) and affect the spore germination and
germ-tube elongation of phytopathogenic fungi (Sneh et al. 1984; Frankowski
Lorito et al. 2001). A positive relationship was observed between chitinase produc-
tion and the antifungal activity of chitinolytic P. fluorescens isolates (Velazhahan
et al. 1999). Production of extracellular cell wall degrading enzymes has been
associated with biocontrol abilities of the producing bacteria (Fridlender et al.
1993; Valois et al. 1996; Singh et al. 1999; El-Tarabily 2006). Tn5 mutants of
one of the Enterobacter which were deficient in chitinolytic activity were unable to
protect plants against the disease (Chernin et al. 1995). In addition, enzyme
producing bacteria were successfully used in combination with other biocontrol
agents, leading to a synergistic inhibitory effect against pathogen (Dunne et al.
1998; Someya et al. 2007). Table 2.1 gives examples of enzymes produced by
biocontrol bacteria.

2.4.2 Antagonism by Antibiosis

Antibiotics produced by bacteria include volatile antibiotics (hydrogen cyanide,
aldehydes, alcohols, ketones, and sulfides) and nonvolatile antibiotics: polyketides
(diacetyl phloroglucinol; DAPG and mupirocin), heterocyclic nitrogenous compounds
(phenazine derivatives: pyocyanin, phenazine-1-carboxylic acid; PCA, PCN, and
hydroxy phenazines) (de Souza et al. 2003), and phenylpyrrole antibiotic (pyrrolnitrin)
(Ahmad et al. 2008). Bacillus strains produce a variety of lipopeptide antibiotics
(iturins, bacillomycin, surfactin, and Zwittermicin A).

Introduction of selected antagonistic fluorescent pseudomonads into the rhizo-
sphere can effectively suppress soil-borne plant diseases. B. subtilis strain RB14
produces the cyclic lipopeptide antibiotics iturin A and surfactin active against
several phytopathogens. B. subtilis strains were able to control damping-off of
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tomato caused by Rhizoctonia solani and was found to produce an antifungal
antibiotic inhibiting F. oxysporum f. sp. ciceris, causal agent of wilt disease in
chickpea (Asaka and Shoda 1996; Kumar 1999). Table 2.2 gives some examples of
antibiotics produced by biocontrol bacteria.

Most strains of Pseudomonas spp. used in biocontrol produce one or several
antibiotic compounds with antifungal abilities in vitro (Raaijmakers et al. 2002).
Phenazine derivatives produced by fluorescent pseudomonads were reported as
implicated in biocontrol of take-all disease (Weller and Cook 1983). P. fluorescens
2-79, an in vitro producer of phenazine-l-carboxylate, was reported to suppress
Gaeumannomyces graminis var. tritici (Thomashow and Weller 1988). 2,4-DAPG
producers play a key role in the natural suppression of take-all disease of wheat
(Raaijmakers et al. 1997, 1999; Raaijmakers and Weller 1998). Suppressive soils to
take-all lost its suppressiveness when indigenous DAPG-producing fluorescent
Pseudomonas spp. was eliminated by pasteurization. Moreover, suppressiveness
was able to be transferred to conductive soils when DAPG-producing Pseudomonas
strains were introduced (Raaijmakers and Weller 1998).

Numerous investigations demonstrate that Streptomyces produce numerous
secondary metabolites with antibiotic properties. Currently, 42 % of the 23,000
known microbial secondary metabolites are produced by actinobacteria.
Actinomycetes and particularly Streptomycetes produce 70-80 % of known bioac-
tive natural products (Berdy 2005). A large number of these antibiotics were
exploited in experimental works in laboratories or greenhouses. However, few of
these antibiotics are commercialized.

The genus Streptomyces is the largest producer of secondary metabolites. The
antagonistic properties of Streptomyces against numerous phytopathogens including
Alternaria brassicicola, Collectotrichum gloeosporioides, F. oxysporum, Penicillium
digitatum, and Sclerotium rolfsii (Khamna et al. 2009) and F. oxysporum
f. sp. vasinfectum, F. oxysporum f.sp lycopersici, and F. oxysporum f. sp. asparagi,
the causal agents of wilt diseases, are well established. Geldanomycin produced by
Streptomyces hygroscopicus var. geldonus was applied to suppress Rhizoctonia solani
in soil (Rothrock and Gottlieb 1984). Furthermore, compounds responsible for the
antifungal activity of some Streptomyces species have been identified: e.g., cyclohex-
imide from S. griseus, kasugamycine from S. kasugaensis, Blastcidin-S from S.
griseochromogenes, and Rhizovit from S. rimosus etc.

Bacterial strains may protect plants from phytopathogenic fungi due to the
volatile antibiotic HCN production (Ahmad et al. 2008). P. fluorescens CHAO
enhanced root growth and could suppress black root rot of tobacco caused by
Thielaviopsis basicola under gnotobiotic conditions. CHAO excretes several
metabolites with antifungal properties including pyoverdine, DAP, pyoluteorin,
and HCN (Ahl et al. 1986; Maurhofer et al. 1995). It was also suggested that
HCN might constitute a stress in the plants, provoking an enhancement of their
resistance to fungal diseases (Défago et al. 1990). Suppressive effect on black root
rot was found to be related to hydrogen cyanide production as demonstrated by the
less protective effect of hecn mutant defective in HCN biosynthesis and effective
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disease suppression when hen+ genes were re-introduced into the mutant genome or
inserted into the genome of an initially nonactive strain (Voisard et al. 1989).

The role of antibiosis in the protection against phytopathogens was widely
reviewed (Raaijmakers et al. 2002). Although there are numerous reports on the
lack of correlation between in vitro antibiosis and effectiveness in field pointing out
the limitations of using in vitro assays, many others concluded that at least a
proportion of laboratory-discovered active isolates could be effective in soil. In
general among a group of actinomycetes isolated from soil, while a number of
in vitro antagonist actinomycetes may be active in soil, those with no in vitro
activity are also inactive in soil (Broadbent et al. 1971). At least, in vitro assays
have the advantage of selecting only antibiotic producers and excluding bacteria
acting by other mechanisms.

Attempts to establish a causal relationship between antibiotic production
revealed in vitro and biocontrol activity had been investigated, three main methods
are used: (1) Direct detection and quantification of the antibiotics in the rhizosphere
after inoculation through extraction and HPLC purification (Haas and keel 2003).
Detection in some cases may be difficult due to the fact that in vitro culture
conditions generally differ from those of rhizosphere. Indeed, biotic and abiotic
factors including chemical instability of the antibiotic, irreversible binding to soil
colloids or organic matter, or microbial decomposition could hamper direct detec-
tion of the antibiotic (Thomashow et al. 1997). (2) By use of reporter genes which
could “report” the expression of antibiotic biosynthetic genes in the rhizosphere
(Haas and keel 2003). This was reported in Pseudomonas for the expression of
various antibiotics; 2,4-diacetylphloroglucinol (Notz et al. 2001), pyoluteorin
(Kraus and Loper 1995), phenazine (Georgakopoulos et al. 1994), and lipopeptide
antibiotics (Koch et al. 2002), and (3) genetic manipulation of bacterial antibiotic
producers which is a powerful tool to ascertain their role in disease suppression.
First work on this topic was performed by Thomashow and Weller (1988) by
constructing pseudomonad mutants that lacked phenazine production and showing,
thereafter, that these mutants were defective to control a plant disease. Tn5
insertion-derived mutants defective in phenazine synthesis (Phz-) were less effective
in biocontrol of take-all disease in comparison with the parental strain of
P. fluorescens. Moreover, effectiveness of some of these mutants was restored
with cloned DNA from the effective parental strain. Mutations in the biosynthetic
gene cluster of DAPG reduced biocontrol activity of fluorescent pseudomonads
(Keel et al. 1992). Using ARDRA, Sharifi-Tehrani et al. (1998) compared the
biocontrol activity of a collection of 2,4-DAPG-producing fluorescent Pseudomonas
spp. and found that strains producing only 2,4-DAPG were more effective than
pyoluteorin- and 2,4-DAPG-producing strains against Fusarium crown and root rot
of tomato and Pythium damping-off of cucumber.

In addition, some works showed that the in vitro activities could not be related to
the in situ activity. Spontaneous mutants of two scab-suppressive Streptomycetes
that were defective in in vitro pathogen inhibition activity against Streptomyces
scabies demonstrated significant scab biocontrol activity, suggesting that the
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pathogen inhibition activity detected in vitro may not be an accurate predictor of
scab biocontrol (Schottel et al. 2001).

2.4.3 Antagonism by Competition: Siderophore Production

Iron is important for plant health and metabolism. It is found in proteins such as
nitrogenase, ferredoxins, cytochromes, and leghemoglobin. PGPR bacteria could
perform uptake of iron from soil and provide plant with this element. The most
widely studied rhizospheric bacteria with respect to the production of siderophores
are fluorescent pseudomonads. Siderophores are low-molecular-mass microbial
compounds with high affinity for iron. They possess an iron uptake system (iron-
binding ligand) able to chelate Fe®* molecules. They are often induced under
limiting Fe®* concentrations to allow bacteria to partially fulfill their iron
requirement.

Siderophores represent a large biochemically diverse group produced by either
plants or plant associated microorganisms (Loper and Buyer 1991). They include
pyoveridins produced by Pseudomonas; catechols produced by Agrobacterium
tumefaciens, Erwinia chrysanthemi, and enterobacteriacea; hydroxamates
produced by Erwinia carotovora, Enterobacter cloacae, and various fungi; and
rhizobactin produced by Rhizobium meliloti.

Pyoverdine which is a yellow-green, water-soluble fluorescent pigment is the
major class of siderophores produced by fluorescent pseudomonad. However,
strains of P. aeruginosa, P. syringae, and P. putida could also produce pyoverdine.
The chemical structure of pyoverdine has been elucidated and the presence of a
chromophore consisting of a 2,3-diamino-6,7-dihydroxyquinoline derivative which
is responsible for the fluorescence was reported (Wendenbaum et al. 1983; Leong
1986). Siderophores can be used not only by their producing bacteria (Ongena et al.
1999), but also by other microorganisms. Fluorescent Pseudomonas exclusively
recognizes the ferric complex of its own PVD. Thus differences in PVD structure
affect the biological activity of the siderophores (Hohnadel and Meyer 1988). More
than 30 structures of PVDs, differing mainly in their peptide chain, have been
described (Budzikiewicz 1997).

Siderophore-producing microbes could contribute to various alterations in plants
via the action of siderophores on ferric nutrition (Bar-Ness et al. 1991).
Siderophores produced by PGPR could contribute to enhanced growth (Kloepper
et al. 1980b). When various plants growing on soil or nutrient solution were
supplemented by pyoverdin or ferriopyoveridne, they showed, with few exceptions,
enhanced chlorophyll content, and enhanced iron content in the roots and ferric
reductase activity (Duijff et al. 1994b, c). In other cases, they have reverse action
(Becker et al. 1985)

Siderophores are produced by Pseudomonas bacteria to compete for iron and
consequently impairing growth of soil-borne phytopathogens, and thus are consid-
ered as a control mechanism for many pathogens (Duijff et al. 1994a; Schippers
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et al. 1987; Bakker 1989). In addition, in vitro assays showed that the inhibition of
pathogens based on competition for iron tends to decrease with increasing iron
content of the medium (Duijff et al. 1993).

Suppressive soils to fusarium wilts are known to have a very low solubility of
ferric iron (Alabouvette et al. 1996). Consequently a strong iron competition occurs
in these soils. In addition, the ability to produce siderophores is likely to contribute
to the root-colonizing ability of Pseudomonas strains, their antagonistic properties,
and their usefulness in biocontrol (Leong 1986; Ran et al. 2005).

The role of these microorganisms in disease-suppressive soils particularly to
fusarium wilts was shown to be related to siderophore-mediated iron competition.
Addition of Pseudomonas pyoverdine to soils conducive to fusarium wilts and to
G. graminis var. tritici confer them suppressiveness (Kloepper et al. 1980a). In
addition, when soil was treated either by Pseudomonas or its pyoverdine, reduced
chlamydospore germination of pathogenic F. oxysporum was observed (Elad and
Baker 1985a), suggesting a possible role of pyoverdines in soil fungistasis and
suppressiveness. In addition, some siderophores like pyocyanin and pyoveridin are
essential for the induction of systemic resistance (Audenaert et al. 2002; Leeman
et al. 1996; Meziane et al. 2005).

Actinomycetes are also reported as siderophore producers (Khamna et al. 2009).
Endogenous siderophore (ferrioxamine) and exogenous siderophore (ferrichrome)
have been studied in Streptomyces pilosus (Muller et al. 1984; Muller and Raymond
1984). S. lydicus WYEC108 was found to produce hydroxamate-type siderophores
(Tokala et al. 2002). Streptomyces violaceusniger strain YCED9 was reported as
able to chelate iron under limiting conditions (Buyer et al. 1989).

Evidences for the in situ production of siderophores and their involvement in
biocontrol include the following: (1) Variation in iron availability of the soil:
increasing the iron amount in soil by lowering soil pH through amendment of
H,SOy, or iron synthetic chelator resulted in loss of suppression of Fusarium wilt
by Pseudomonas (Elad and Baker 1985b). (2) Addition of siderophores or synthetic
chelators to soil: introduction of pyoverdin in soil resulted in reducing chlamydo-
spore germination of Fusarium (Elad and Baker 1985a) and reducing Fusariosis and
take-all disease (Kloepper et al. 1980a). Addition of a synthetic chelator; the
ferrated form of ethylenediaminodi (o-hydroxyphenyl) acetic acid Fe-EDDHA to
the nutrient solution for the plants diminished the disease-suppressive effect of
Pseudomonas putida WCS358 to suppress Fusarium wilt of radish caused by F.
oxysporum f. sp. raphani (de Boer et al. 2003), while addition of EDDHA or its
ferrated form to conductive soil rendered it suppressive to Fusarium wilt of
cucumber, flax, and radish (Scher and Baker 1982). (3) Genetic evidences: Expres-
sion of siderophore biosynthesis genes in the rhizosphere by P. fluorescens in which
a promoter from a siderophore biosynthesis gene was cloned (reporter gene) (Loper
and Lindow 1991) and comparison of the biocontrol abilities of wild-type produc-
ing strains and their mutants defective in siderophore production. Bakker et al.
(1988) demonstrated that mutants defective in the synthesis of pyoverdine (Pvd-)
and able to use pyoverdine produced by a coinoculated wild-type strain showed a
great establishment in potato compared with a mutant not able to use pyoverdine.
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Wild-types of Pseudomonas putida WCS358 which relatively suppress F.
oxysporum f. sp. dianthi in carnation roots were found to depend only on
siderophore-mediated competition for iron. Subsequently, its mutant defective in
siderophore biosynthesis was ineffective. This fact provides the proof that
siderophores were implicated in the suppressivness of Fusarium wilt by this strain
(Duijff et al. 1993). Similar results were found in P. putida WCS358 for Fusarium
wilt in radish caused by F. oxysporum f. sp. raphani (de Boer et al. 2003). However,
as disease suppression does not rely only on siderophore production, lack of
evidence in the use of mutant-derived strains has been reported. Mutants from
Pseudomonas sp. WCS417r or P. putida strain RE8 defective in siderophore
biosynthesis are still able to ensure comparable or a less effective disease suppres-
sion in carnation and radish in comparison to wild types due to resistance induction
and probably also antibiosis (Duijff et al. 1993; de Boer et al. 2003). In Addition,
iron-regulated molecules but non-siderophores could be implicated in disease
suppression. In the case of G. graminis var. tritici (Kloepper et al. 1980a), partial
contribution of an iron-regulated nonsiderophore to this suppressiveness is not
excluded (Thomashow et al. 1990). Also, Gill and Warren (1988) reported a
negatively iron-regulated fungistatic agent to Pythium ultimum in iron-limited
cultures of Pseudomonas sp. NZ130.

2.5 Conclusion

Sustainable agriculture, based on environmentally friendly methods, tends to use
bacteria as tools that could by the way reduce the use of chemicals. It is advanta-
geous for sustainable agriculture as introduced bacteria could act as biofertilizers
and as biopesticides. In this way, PGPR could constitute a group of bacteria of great
importance. Recently, biopesticides are receiving worldwide attention for the
sustainability of the agricultural system. Researches had interested the selection
of bacteria able to antagonize most deleterious phytopathogens. Unfortunately,
most of the works on the biocontrol effect of rhizobacteria were conducted in
axenic conditions at laboratory-scale and greenhouse-controlled conditions. Few
works were conducted under field conditions. However, the effectiveness of a
biocontrol agent depends mainly on its interaction with other microorganisms, the
controlled phytopathogen, the plant, and the rhizosphere environment.

Root competence of bacteria with in vitro antagonistic effects toward phyto-
pathogens is one of the most important traits to be considered when bacteria are
introduced in native soils where they are subjected to interaction with both roots
and other microorganisms. Efficient competition for colonization sites is an impor-
tant prerequisite for effective biocontrol. In some cases, relatively long time is
needed for checking the effectiveness in disease suppression. Also, host crop could
affect rhizosphere colonization and competitiveness of antagonistic bacteria as
plant response to rhizosphere colonization seems to be bacterium specific. In
addition, the sensitivity of phytopathogenic fungi in some cases depends on its
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life cycle stage and propagules. For instance, mycelia, zoosporangia, zoospore
cysts, and zoospores of Pythium ultimum showed difference in sensitivity to
2,4-DAPG (de Souza et al. 2003). For all these reasons, only few examples of
biocontrol agents-based products succeeded in field trials and thus have been
commercialized for use in agriculture.

A remarkable diversity of metabolites with antibiotic activity is produced by
Pseudomonas, Bacillus, and Streptomycetes strains. Some of these microorganisms
could produce simultaneously more than one compound (for example, P. fluorescens
strains CHAO and Pf-5) and/or act by more than one mechanism (e.g., antibiosis and
competition for nutrients). Rhizobacteria that could also induce systemic resistance
confer protection against phytopathogens to plants. DAPG and siderophores such as
pyoverdine have been described as inducers of systemic plant resistance. In contrast
to antagonism by antibiosis or siderophore production where the population size
should be maintained during the biocontrol process, it is sufficient that the plant and
the inducing agent be in contact for a limited period and once induced, systemic
resistance is expressed systemically throughout the plant and maintained for
prolonged periods.

A better understanding of the major mechanism displayed in field soils will
suggest what conditions are to be provided in order to optimize the antagonistic
activities of inoculant strains. In this optic, controlled root exudation or nutritional
amendment could lead to more successful disease management. Bacteria with more
than one beneficial effect are of great interest in biocontrol. By combining strains
with different disease-suppressive mechanisms, the impact of filed fluctuating biotic
and abiotic conditions could be minimized as some biocontrol mechanism could be
effective even if others are unfunctional. In addition, such combinations could
be effective against multiple phytopathogens. However, the use of bioinoculants
must be taken with some precautions. Measures must be taken to avoid nontarget
effect of the introduced bacteria, to stabilize them in soil systems, and thus to
guarantee durability of their beneficial effect and their good performance.
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