
CHAPTER2 

Literature Review 



7 

LITERATURE REVIEW 

2.1. Siderophores: An overview 

Most organisms require iron as an essential element because of its unique 

chemical properties, in a variety of metabolic and cellular pathways. Iron

containing cofactors such as iron-sulfur clusters or heme groups are found 

to be present in more than 100 enzymes acting in primary and secondary 

metabolism processes. The ability to coordinate and activate oxygen and the 

possession of ideal redox chemistry (FeiijFe III) for involvement in electron 

transport and metabolic processes makes iron most suitable for catalyzing a 

broad spectrum of redox reactions (Miethke and Marahiel, 2007; Hider and 

Kong, 2010). 

Fe(II) is soluble in aqueous solutions at neutral pH and is hence sufficiently 

available for living cells if the reductive state is maintained. Generally, 

can be taken up by ubiquitous divalent metal transporters (Ballouche et 

2009; Cartron et al., 2006; Miethke and Marahiel 2007). Systems for 

specific Fe(II) uptake are known in bacteria (Cartron et al., 2006) and fungi 

(Howard, 1999; Knight et al., 2002; Haas and Keel, 2003). However, in most 

microbial habitats, Fe(II) is oxidized to Fe(III) either spontaneously by 

reacting with molecular oxygen or enzymatically during assimilation and 

circulation in host organisms. In the environment, Fe(III) forms ferric oxide 

hydrate complexes in the presence of oxygen and water at neutral to basic 

pH. These complexes are very stable, leading to a free Fe(III) concentration 

of 10-9 to 10-18 M (Raymond et al. 2003; Neilands, 1995). 

Siderophores coordinated to iron(III) are accumulated by microorganisms by 

facilitative transport, using a multitude of membrane bound iron

siderophore receptors. Iron is removed from siderophores predominately by 

a redox-mediated process, the affinity of siderophores for iron(II) being very 

much less than that of iron(III) (Xiao and Kisaalita, 1998). Some 

siderophores may be secreted in order to deprive competing organisms of 

iron (Hamdan et al., 1991; Leong, 1986; Loper and Henkels, 1997), and as 

such will influence the ecology of the environment occupied by the secreting 
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colony. For some microorganisms there is a strong correlation between 

siderophore production and virulence (Femandez et al., 1998; Koczura and 

Kaznowski, 2003; Courcol et al., 1997). The genes for the biosynthesis of 

some siderophores are encoded on plasmids, which facilitates lateral gene 

transfer (Tolmasky et al., 1988; Salinas et al., 1989). 

A common advantage for microbes is the ability to utilize xenosiderophores 

or heterologous siderophores that is, the siderophores that are produced by 

other organisms. This indicates that these microbes possess ferric-chelate 

reductases and/ or uptake systems for siderophores not synthesized by 

themselves (Meyer, 1992; Guan et al., 2001; Llamas et al., 2006). For 

example, in the plant associated bacteria, Pseudomonas putida, utilization 

of heterologous siderophores enhances levels of iron available to it in the 

rhizosphere. Apart from using the siderophores produced by themselves, 

these bacteria have the capacity to utilize siderophores produced by diverse 

species of bacteria and fungi (Loper and Henkels, 1999; Llamas et al, 2006) 

Other microorganisms, for example Baker's yeast, refrains completely from 

siderophore production but is capable of utilizing several exogenous 

siderophores as iron sources (Lesuisse et al., 2001). 

2.1.1. Chemistry of siderophores 

Siderophores are divided into three main classes depending on the chemical 

nature of the moieties that are involved in donating the oxygen ligands for 

Fe(III) coordination. These are either catecholates (ie, catecholates and 

phenolates; also termed as "aryl caps") and hydroxamates (Neilands, 1981; 

Baakza et aL, 2004; Neilands, 1995; Holzberg and Artis, 1983; Raymond 

and Dertz 2004; Wandersman and Delepelaire, 2004; Storey et al., 2006). 

However, increasing information about new siderophores has led to a more 

complex classification. Many structures have been elucidated that integrate 

the chemical features of at least two classes into one molecule, resulting in 

"mixed-type" siderophores. Some representative structures of various 

siderophore types are shown in figures 1, 2 and 3. 
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Fig.l :Representative examples of different types of siderophores and their natural 
producers. 
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Fig. 3: Representative examples of different siderophores produced by members of 
the genus Pseudomonas. 
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Siderophores possess a higher affinity for iron(III) than iron(II). Siderophores 

are designed to form tight and stable complexes with ferric iron. The logic 

for this selectivity may be that, designing ligands that are selective for 

iron(II) over the biologically important dipositive cations zinc(II), copper(II), 

nickel(II) and manganese(II) is difficult, but the problem with iron(III) is 

more simple as there are not many biologically important tripositive cations. 

Fe(III) is strongly solvated in aqueous solution by forming an octahedral 

Fe(H20)63+ complex (Raymond and Dertz, 2004). Because of the gain in 

entropy, the siderophore donor atoms readily replace the solvent water and 

surround Fe(III) in a hexacoordinated state which also has an octahedral 

geometry like the aqueous ion. 

The octahedral field is favourable for the formation of the 

thermodynamically stable high-spin iron(III) species. Depending on the 

siderophore, the octahedral field may be distorted and sometimes nitrogen 

or sulfur are included as donor atoms. Such modifications tend to reduce 

the affinity for iron(III) (Hider and Kong, 2010). But in most cases, if there 

are less than six donor atoms provided by the ligand, the vacancies are 

occupied by alternative oxygen donors such as water molecules. 

Alternatively, siderophores complex with higher stoichiometry as in the 

cases of rhodoturolic acid that forms Fe2L3 complexes (Carrano and 

Raymond, 1978), pyochelin that forms both FeL and FeL2 complexes (Tseng 

et al., 2006), or cepabactin that forms FeL3 complexes (Klumpp et al., 2005). 

Mixed complexes were also found to occur for cepabactin and pyochelin, 

forming 1:1: 1 complexes with Fe(III) (Klumpp et al., 2005). 

Bidentate ligands can be designed to form proper moleculer patterns of 

hexadentate structures. There is a range of bidentate ligands that can be 

incorporated into hexadentate structures; as is the case in enterobactin, the 

classic example where the three catechol rings are involved (Burnham and 

Neilands, 1961). Catechol, hydroxamate and a-hydroxycarboxylate are the 

three main groups that are usually incorporated into siderophore 

structures, each having a high selectivity for iron(III). Catechol exhibits a 
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high affinity for iron(III) due to the two ortho-phenolate atoms, as indicated 

by the associated pKa values. 

The hydroxamate moiety has two mesomeric forms, one producing a high 

charge density on the carbonyl oxygen. This delocalisation of charge can be 

further increased by additional conjugated side chains leading to an 

enhanced electron density on the oxygen atom and hence affinity for iron(III) 

(Hider, 1984). These kinds of modifications are observed in many 

siderophores, for example mycobactin (Crosa and Walsh, 2002) and 

ferrichrome A (Eisenhauer et al., 2005). The a-hydroxycarboxylate function 

also shows a favourable pKa value and thus has a high affinity for iron(III). 

In comparison to other biologically important cations, iron(III) is able to 

compete with protons more easily for the alkoxide functional groups which 

make the a-hydroxycarboxylate function highly selective for iron(III) (Martell 

and Hancock, 1996). The pKa value of the hydroxyl function can be further 

decreased by intramolecular hydrogen bonding of the conjugate anion. This 

is observed in rhizoferrin, where the two hydroxyl pKa values are 10.05 and 

11.3 (Silva et al., 2009). In mycobactin, which is a mixed type of 

siderophore having phenolate-hydroxamate structure (Fig. 2), the hydroxyl

phenyloxazolone coordinates iron(III) by the phenolate anion and the 

nitrogen atom in the oxazolone ring (Hider, 1984). 

The bound Fe(III) is always found in a high-spin d5 electronic configuration 

in the siderophore complex. The complex is kinetically stable despite the 

fact that there is no ligand field stabilization energy provided by this 

configuration. This is because the oxygen donor atoms that are mainly used 

in siderophores for iron coordination represent hard Lewis bases thereby 

allowing additional strong ionic interactions between metal and ligand. 

Thus, siderophores display an enormous affinity towards Fe(III) (Miethke 

and Marahiel, 2007). Some hexadentate siderophores possess a higher than 

expected affinity for iron(III), the effect resulting from the predisposition of 

the ligands before binding a ferric cation. The presence of the three chiral 

serine residues in the tri-ester ring of enterobactin (Fig. 1) orientates each of 

the three catecholate functions to the same side of the ring which causes a 
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sharp increase in its affinity for Fe(III) (Stack et al., 1993; Raymond et al., 

2003). 

Proton-independent affinity constants do not reflect the real iron binding 

capacity of the siderophores under physiological conditions for which 

complete deprotonation is usually not achieved. A better way of comparing 

the true relative abilities of different siderophores to bind ferric iron is the 

pH-analogous pFe value, which gives the negative logarithm (base 10) of the 

free iron concentration. This refers to a standard convention, the total Fe(III) 

concentration is 10-6M and the total ligand concentration is 10-5M. Since 

the pH of the medium strongly influences the chelation efficiency, pFe is a 

pH-dependent value. Therefore, only at above a pH of 5.0, enterobactin is 

significantly more efficient as an iron chelator than aerobactin (Raymond 

and Dertz 2004; Valdebenito et al, 2006). 

2.1.2. Siderophore biosynthesis 

Siderophore biosynthesis is induced m response to iron limitation. The 

biosynthesis of siderophores occurs by different mechanisms depending on 

the chemical nature of the siderophores. In general, the biosynthesis 

pathways can be distinguished as being either dependent on or independent 

of non ribosomal peptide synthetase (NRPS) enzymes. 

2.1.2.1. Non ribosomal peptide synthetase dependent pathway 

NRPSs represent large multienzyme complexes that activate and assemble a 

broad array of amino, carboxy, and hydroxy acids, leading to a high 

structural variability of the generally macrocyclic peptidic products 

(Grunewald and Marahiel, 2006). These multimodular enzymes function as 

enzymatic assembly lines in which the order of the modules usually 

determines the order of the amino acids incorporated into the peptide 

(Marahiel et al., 1997; Fischbach and Walsh, 2006). Each module contains 

the complete information for an elongation step combining the catalytic 

functions for the activation of the amino acid by the adenylation domain, 

the tethering of the corresponding adenylate to the terminal thiol of the 

enzyme-bound 4' -phosphopantetheinyl (4' -PP) cofactor by the peptidyl 
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carrier protein domain, and the formation of the peptide bond by the 

condensation domain (Marahiel et al., 1997; Fischbach and Walsh, 2006). 

At the end, the product is released by the C-terminal thioesterase domain 

by hydrolysis or by cyclization via intramolecular condensation. Each 

adenylation domain recognizes a specific amino acid, and its substrate 

specificity can be predicted by its sequence (Patzer and Braun, 2009). An 

NRPS specificity conferring code consisting of 10 nonadjacent amino acid 

residues in the adenylate domain has been proposed (Stachelhaus et al., 

1999). Exceptions to the "colinearity-rule" have been discovered (Fischbach 

and Walsh, 2006). For example, in the biosynthesis of the siderophores 

enterobactin and bacillibactin, all the modules in the NRPS are used 

iteratively, and the thioesterase domain stitches the chains together into a 

cyclic product (May et al., 2001). 

NRPSs are responsible mainly for the synthesis of aryl-capped 

siderophores. NRPS-dependent siderophore biosynthesis in several human 

pathogens has been elucidated in detail, e.g., enterobactin synthesis in 

enteric bacteria such as E. coli, Salmonella enterica, Klebsiella spp., and 

Shigella spp.; yersiniabactin synthesis in Yersinia spp.; pyochelin and 

pyoverdin synthesis in P. aeruginosa; vibriobactin synthesis in V. cholerae; 

and mycobactin synthesis in M. tuberculosis (Crosa and Walsh, 2002). 

The aryl acids 2,3-dihydroxybenzoate (DHB) and salicylate, which are 

generally used as aryl caps, have to be provided by approaching enzymes 

before forming the NRPS-catalyzed assembly. In most bacteria, the genes 

encoding the NRPS and the enzymes for aryl acid synthesis are directly iron 

regulated via the Fur repressor. The enzymes for DHB and salicylate 

formation as well as several NRPS domains involved in catecholate 

siderophore assembly have been extensively characterized, and crystal 

structures are available in many cases (Kerbarh et al., 2005, 2006; Harrison 

et al., 2006; Patzer and Braun, 2009). 

Salicylate synthesis in P. aeruginosa was shown to depend on two distinct 

enzymes, the isochorismate synthase PchA and the isochorismate-pyruvate 

lyase PchB (Gaille et al., 2002). The activities of both salicylate and 
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isochorismate synthases are highly magnesium dependent, which is also 

the case for the structurally similar chorismate-utilizing enzymes. In the 

crystal structure of salicylate synthase Irp9 soaked with chorismate, the 

Mg(II) cofactor was found to be coordinated by two glutamate residues of the 

active site and the carboxy group salicylate that was found together with 

pyruvate in the catalytically active crystal, suggesting that this coordination 

is crucial during catalysis (Miethke and Marahiel, 2007). 

2.1.2.2. Non ribosomal peptide synthetase independent pathway 

In most cases hydroxamate and carboxylate siderophores are assembled by 

NRPS-independent mechanisms. The synthesis of siderophores belonging to 

these two main classes commonly relies on a diverse spectrum of enzymatic 

activities such as monooxygenases, decarboxylases, aminotransferases, 

ac(et)yltransferases, amino acid ligases, and aldolases (Challis, 2005). 

Siderophores synthesized by NRPS-independent pathways are found as 

virulence factors in several pathogens, e.g., aerobactin in enteric bacteria, 

alcaligin in B. pertussis and B. bronchiseptica (Moore et al., 1995; Nishio et 

al., 1988), staphylobactin in Staphylococcus aureus (Dale et al., 2004), and 

petrobactin in Bacillus anthracis (Koppisch et al., 2005). 

Hydroxamate moieties are generally built in two steps. The first reaction 

step is an N-hydroxylation catalyzed by reduced FAD-dependent 

monooxygenases that use molecular oxygen and a set of amino acids and 

polyamines as substrates. In most pathways, one oxygen atom is 

transferred either to the c-amino group of lysine (aerobactin pathway), else 

to the 5-amino group of ornithine, or to one amino group of the 

corresponding decarboxylation products cadaverine and putrescine, 

respectively (Challis, 2005). In the rhizobactin 1021 pathway, the unusual 

diamine 1,3-diaminopropane is suggested to be the substrate for N

hydroxylation (Lynch et al, 2001). The hydroxamate functions are 

introduced to the NRPS-derived mycobactin scaffold in the final synthesis 

step (Moody et al., 2004; Krithika et al., 2006). 
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The formylation resulting in free hydroxamic acid moieties or acylation of 

the hydroxylated amine generally represents the second step yielding the 

functional hydroxamate and is catalyzed in the case of acylation by acyl 

coenzyme A transferases. Formylated NS-hydroxy-omithines are present in 

pyoverdins and in omibactin. Acylation of hydroxylated amines is much 

more frequent. As substrates, coenzyme A derivatives of various carboxy 

acids such as acetate (aerobactin), succinate, J3-hydroxybutyrate 

(pyoverdins) etc. are used (Crosa and Walsh, 2002; Moody et al., 2004; 

Miethke and Marahiel, 2007). 

2.1.3. Siderophore transport 

The intracellular level of iron is carefully monitored in the bacterial cell. A 

shortage of iron will reduce the growth of bacteria, whereas high 

concentrations of the metal can be toxic. Therefore, the expression of the 

iron-acquisition systems is regulated in response to iron, being increased 

under iron limitation. In addition, iron serves as an important 

environmental signal for the expression of factors unrelated to iron uptake 

(Litwin and Calderwood, 1993). The intracellular level of iron is carefully 

monitored in the bacterial cell. A shortage of iron will reduce the growth of 

bacteria, whereas high concentrations of the metal can be toxic. Therefore, 

the expression of the iron-acquisition systems is regulated in response to 

iron, being increased under iron limitation. In addition, iron serves as an 

important environmental signal for the expression of factors unrelated to 

iron uptake (Litwin and Calderwood, 1993). 

Siderophore secretion and transport systems have been identified in only a 

few microorganisms so far. These include mostly gram negative bacteria like 

Salmonella typhimurium, Escherichia coli and members of the genera 

Pseudomonas, Shigella, Salmonella, Yersinia, Vibrio, Pseudomonas, 

Bordetella, Erwinia and Agrobacterium. Among gram positive bacteria, 

transport mechanism for siderophores has been identified in Staphylococcus 

aureus and Bacillus subtilis. Fungal siderophore transport mechanism has 

been characterized in Saccharomyces cerevisiae and Aspergillus nidulans 

(Haas et al., 2008). The exporters that were found or suggested to be 
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involved in siderophore release belong to efflux pumps of the major 

facilitator superfamily (MFS); the resistance, nodulation, and cell division 

(RND) superfamily; and the ATP-binding cassette (ABC) superfamily 

(Venturi et al., 1995; Miethke and Marahiel, 2007). In the present review we 

shall focus only on the siderophore transport mechanism of pseudomonads. 

2.1.3.1. Transport of siderophore in Pseudomonas sp. 

Two strategies are used by Gram-negative bacteria to take up iron under 

aerobic conditions: via the uptake of heme or via the uptake of iron

siderophore complexes. In both instances, a TonB-dependent outer 

membrane receptor recognizes the iron-loaded complex. These receptors are 

large porins with 22 f3-strands forming a f3-barrel and they are gated, 

meaning that the pore is constricted by the N-terminal domain of the 

protein (the "cork"). The N-terminal end of the receptor contains a domain 

termed the TonB box which interacts with TonB, an inner membrane 

protein, which, together with ExbB and ExbD transmits the energy of the 

proton motive force (pmf) to allow the opening of the gate and transport of 

the ferric complex into the periplasm where a periplasmic binding protein 

binds and brings the ferrisiderophore to a transporter. In Pseudomonas 

aeruginosa, two heme uptake systems have been described, Phu and Has 

(Ochsner et al., 2000). In the Phu system, hemoproteins bind directly the 

receptor and heme is extracted, while in the Has system a hemophore 

protein, HasAp, is secreted via a type I secretion system and takes heme 

from hemoproteins, bringing it to the HasR receptor (Letoffe et al. 1998; 

Ochsner et al., 2000). Once in the cytoplasm of P. aeruginosa, heme is 

degraded by a heme oxygenase encoded by hemO, liberating biliverdin and 

Fe2+ (Wegele et al., 2004; Lansky et al., 2006; Kaur et al., 2009). 

2.1.4. Pyoverdines: the high-affinity siderophore from fluorescent 

pseudo monads 

Fluorescent pseudomonads are characterized by the notable phenotypic 

expression of the production of a green-yellow fluorescent pigment, 

pyoverdine under conditions of iron limitation (Meyer, 2000; Cornelis, 
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2010). Pyoverdines contain a peptide moiety, usually between 6-12 amino 

acids in length, and a dihydroxyquinoline chromophore moiety (Meyer, 

2000), which gives pyoverdine its characteristic yellow-green fluorescent 

appearance. A range of pyoverdines have been identified (Fig. 3), each 

having a different peptide chain and a generally conserved chromophore 

conferring the typical colour and fluorescence under UV light (Meyer, 2000; 

Cornelis and Matthijs, 2002; Ravel and Comelis, 2003; Visca et al., 2007). 

Pyoverdines have been shown to be good taxonomic markers at species 

levels, which led to the development of "siderotyping" based on pyoverdines 

isoforms separation by isoelectric focusing and cross-uptake of Fe

pyoverdines (Fuchs et al., 2001; Meyer et al., 2007). Sideroptyping is a 

method recently developed to characterize bacterial strains by the 

siderophores they produce when grown under iron deficiency. First applied 

to fluorescent pseudomonads and their main siderophores, the pyoverdins, 

the method was primarily used for the recognition of new molecules among 

pyoverdins. Because of the huge diversity of molecules encountered among 

this siderophore family, the method became useful prerequisite for starting 

novel structure investigations. Close to 50 structures have been already 

established and a total of more than 110 structurally different compounds 

are presently recognized (Meyer et al., 1997, 2007; Bultreys, 2007). 

Interest for siderotyping considerably increased when it became evident that 

all strains belonging to a well defined Pseudomonas spp. produce an 

identical pyoverdin and furthermore, the most species are characterized by 

specific pyoverdins. Pyoverdins are potent taxonomic makers, opening a 

new valuable way of bacterial identification and taxonomy within this major 

genera (Bultreys, 2007). However, sometimes the rule of "one pyoverdine

one species" is not always true since P. aeruginosa strains can produce 

three different pyoverdines (one type per strain) and this is also true for 

Pseudomonas putida (Meyer et al., 1997, 2007}. Pyoverdine biosynthesis 

genes and the gene(s) coding for the receptor are not part of the core 

genome of fluorescent pseudomonads as revealed in different studies, 

suggesting that they could have been acquired by horizontal gene transfer 

(Smith et al., 2005; Bodilis et al., 2009). 
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Pyoverdines have been shown to be important or even essential for the 

colonization of host tissues and for virulence in plant and animal 

pathogens, and, in the case of P. aeruginosa shown to be necessary for the 

establishment of mature biofilms and for competitiveness in soil (Meyer et 

al., 1996; Handfield et al., 2000; Mirleau et al., 2000; Banin et al., 2005; 

Yang et al., 2009). Recently, pyoverdine was confirmed to be an important 

colonization factor for the plant pathogen P. syringae and to be necessary 

for the production of the toxic compound tabtoxin and the quorum sensing 

molecules N-acyl-homoserine lactones (Comelis and Aendekerk, 2004; 

Juhas et al., 2004). An overlap between quorum sensing-dependent and 

iron-limitation-induced genes has been established in P. aeruginosa thereby 

establishing a link between iron uptake, virulence, and quorum sensing 

(Taguchi et al., 2010; Zheng et al., 2007; Attila et al., 2008; Oglesby et al., 

2008). 

Pyoverdine-mediated iron uptake in P. aeruginosa has been extensively 

investigated. It has been observed that the pyoverdine precursor ferribactin 

is synthesized in the cytoplasm and transported via ABC transporter PvdE 

to the periplasm, where maturation of the chromophore takes place (Baysse 

et al., 2002; Imperi et al., 2009). In the uptake process, ferripyoverdine is 

taken up via the FpvA receptor, and reductive release of iron occurs in the 

periplasm. This is followed by rapid recycling and excretion of apo

pyoverdine (Imperi et al., 2009). 

2.2. Biological control: A concept and case study 

"Biological control" and its abbreviated synonym "biocontrol" are common 

terms which have been used in different fields of biology, but in plant 

pathology, this term is applied for the use of microbial antagonists, often 

referred to as biological control agent or BCA to suppress diseases. 

Biocontrol is considered as a multitrait phenomenon whose success 

depends on many factors. These include the ability of the microbial 

inoculant to survive in the rhizosphere and to compete with the resident 

microbial populations, as well as protecting the plant host against 

pathogens at both the time and site of infection (Chin-A-Woeng et al., 2000; 

271079 
0 7 JUN 1014 
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Mark et al., 2006). It has long been recognized that there are many 

naturally occurring bacteria and fungi that are antagonistic to crop 

pathogens, and consequently have the potential to provide an alternative to 

chemical fungicides. There has been a large body of literature describing 

potential uses of plant-associated bacteria as agents stimulating plant 

growth and managing soil and plant health. Table 1 and 2 enlists several 

rhizobacteria of the genus Pseudomonas that have been reported in 

literature as potential biocontrol agents. The list is selective rather than 

comprehensive and is limited to the findings published in the last 10 to 12 

years. 

Plant growth-promoting bacteria are associated with many plant species 

and are commonly present in many environments. The most widely studied 

group is the plant growth-promoting rhizobacteria (PGPR) colonizing the 

root surfaces and the closely adhering soil interface, the rhizosphere 

(Compant et al., 2005). Bacteria such as those belonging to the Bacillus and 

Pseudomonas genera, and fungi in the Trichoderma genus have been cited 

as potential biological control agents (Chet and Inbar, 1994; Chin-A-Woeng 

et al., 2000; Walsh et al., 2001; Harman et al., 2004). A number of 

biocontrol products based on these three genera have been have been 

commercially developed as biocontrol agents. It has been known for many 

years that they produce a wide range of antibiotic substances and that they 

parasitize other fungi. They can also compete with other microorganisms; 

for example, they compete for key exudates from seeds that stimulate the 

germination of propagules of plant-pathogenic fungi in soil and, more 

generally, compete with soil microorganisms for nutrients andjor space 

(Harman et al., 2004). 
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Table 1: Pseudomonas strains reported as biocontrol agents against 
fungal pathogens of plant 

Biocontrol Tested Plant Target Pathogen References 
Strains (Disease) 

Pseudomonas Tomato (Damping-offj Pythium Jayaraj et al., 
fluorescens strain aphanidermatum 2007 
PIT-8 

Pseudomonas Wheat (take-all) Gaeumannomyces Jing et al., 
fluorescens P5 graminis var. tritici 2004 

Rice (sheath blight) Gaeumannomyces 
gram in is var. tritici 

Cotton (damping off) Rhizoctonia solani 
Pseudomonas Chickpea (wilt) Fusarium oxyspornm f. Boopathi and 
putida type A 1 sp. ciceri Rao, 1999 

Rice (leaf spot) Helminthosporium 
oryzae 

Pseudomonas Tomato (crown and Fusarium oxysporum f. Duffy and 
fluorescens CHAO root rot) sp. radicislycopersici De'Fago 1999 

Pseudomonas Soybean (charcoal rot) Macrophomina Ahmadzadeh 
spp. phaseolina et al., 2006 

pistachio (gummosis) Phytophthora nicotianae 
var. Parasitica 

Bean (damping ofD Rhizoctonia solani 

Pepper (damping off) Pythium sp. 

cucumber (wilt) Fusarium sp. 

Pseudomonas Chickpea (charcoal Macrophomina Kumar et al., 
fluorescens rot) phaseolina 2007 
Pf4-99 

Pseudomonas Chilli(-) Collectotrichum Ramyasmru th 
fluorescens strain gleosporioides OGC 1 i et al., 2012 
R 

Pseudomonas Wheat (take-all) Gaeumannomyces Werra et al., 
jluorescens CHAO graminis var. tritici 2009 

P. fluorescens Potato (soft rot) Enuinia carotovora Molina et al., 
P3/pME6863 Tomato (crown gall) Agrobacterium 2003 

tumefaciens 
P. chlororaphis Tomato (vascular wilt) Fusarium oxyspornm f. 
PCL1391 sp. lycopersici 
coinoculated with 
P. fluorescens 
P3/pME6863 

P.fluorescens Pf29 Wheat (root take all) Gaeumannomyces Daval et al., 
Arp graminis var. tritici{ Ggf) 2011 

P. reactans B3 Lettuce, sugar beet Rhizoctonia solani Faltin et al., 
2004 

P. fluorescens B1 Lettuce, sugar beet Rhizoctonia solani 

Cont. 
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Biocontrol Tested Plant (Disease) Target Pathogen 
Strains 

Pseudomonas Chickpea (wilt) Fusarium oxysporum 
fluorescens (Pf4- f sp. ciceri (FocRs 1) 
92 and PfRsC5) 

P. aeruginosa Chickpea (wilt) Fusarium oxysporum 
(PaRsG 18 and f sp. ciceri (FocRsl) 
PaRsG27) 

Pseudomonas Wheat and barley Fusarium culmorum 
fluorescens (seedling blight) 
strains MKBlOO 
and MKB249 

P.frederiksbergens Wheat and barley Pusarium culmorum 
is strain 202 (seedling blight) 

Pseudomonas Wheat and barley Fusarium culmorum 
sp. strai.11. MKB (seedling blight) 
158 

P. fluorescens Radish (wilt) Fusarium sp. 
strain WCS3 7 4r 

Pseudomonas Peanut (charcoal Macrophomina 
GRC2 Rot) phaseolina 

Pseudomonas Tomato(-) Sclerotina 
aeruginosa MR-2, sclerotiorum 
5, 6, 9, 15 and 18 

Pseudomonas Cucumber, Maize H Pythium ultimum 
fluorescens CHAO 

Pseudomonas spp. Radish (wilt) Fusarium oxysporum 
strains RE8,RS 13, RS111 
RS56 and RS 158 

Pseudomonas Rice (sheath blight) Rhizoctonia solani 
fluorescens 
strains PFl 

Pseudomonas Indian rapeseed (Stem Sclerotinia 
fluorescens PS 1 blight) sclerotiorum 

Pseudomonas Pear (fire blight) Erwinia 
fluorescens amylovora 
EPS62e 

Pseudomonas Pea(-) Pythium ultima 
fluorescens CHAO 

Pseudomonas cf. Groundnut(stem rot) Sclerotium rolfsii 
monteilii 9 

P. corrugata strain Tomato (grey mildew) B. cinerea 
ICMP 5819 
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Cont. 
Biocontrol Tested Plant Target Pathogen References 

Strains (Disease) 

P. chlororaphis Common cypress Seiridium cardinale Raio et al., 2011 
subsp. (cypress canker) 
aureofaciens 
strain M71 

P. fluorescens Cucumber (-) Rhizoctania solani Ligon et al., 
strain BL915 2000 

Pseudomonas Tomato (foot and Fusarium oxysporum V alidov et al., 
putida strain root rot) f. sp. radicis- 2009 
PCL1760 lycopersici 

P. fluorescens Tea (blister blight) Exobasidium vexans Saravanakumar 
Pfl,PFV, PFP, PSV et al., 2007 

P. aeruginosa Pyrethrum (root Rhizoctania solani Dharni et al., 
SD12 rot and wilt) 2012 

2.2.1. Common mechanisms of antagonism 

Microorganisms as BCAs are widely reported, and in some cases, their 

modes of action against the plant pathogen have been elucidated. Table 2 

lists some selected strains of fluorescent pseudomonads and their different 

mechanisms of antagonism that has been reported in literature. In 

hyperparasitism, the pathogen is directly attacked by a specific BCA that 

kills it or its propagules (Leveau and Preston, 2008). Many microorganisms 

produce and release lytic enzymes against compounds such as chitin, 

proteins, cellulose, hemicellulose and DNA sometimes resulting in the direct 

suppression of plant pathogenic activities (Kobayashi et al., 2002). The best 

studied mechanism of antagonism is the one mediated by different 

compounds with antifungal properties (Haas and Keel, 2003). Most 

microbes produce and secrete one or more compounds with antibiotic 

activity (Raaijmakers et al., 2002; Gross and Loper 2009), such as the 

biocontrol strain Pseudomonas fluorescens Pf-5, which produces the 

antibiotics pyrrolnitrin, pyoluteorin and 2,4-diacetylphloroglucinol (Loper et 

al., 2007), or the strain FZB42 of Bacillus amyloliquefaciens, which 

produces various antifungal lipopeptides (Koumoutsi et al., 2004). Other 

microbial by-products such as hydrogen cyanide (Howell et al., 1988) or 
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ammonia (Voisard et al., 1989), also may contribute to pathogen 

suppression. Rhizosphere colonisation is one of the first steps in 

pathogenesis by soilbome pathogens. For this reason, the trait of some 

bacteria to colonise the root and to interfere with the biology of the 

pathogen can be used for biological control of plant diseases (Bloemberg 

and Lugtenberg, 2001). Other aspect, such as the induction of host 

resistance, is also an important mode of action to protect against fungal 

diseases (Ongena et al., 2004; Ryu et al., 2004). 

Table 2. Overview of the mechanisms or metabolites involved in 
the biological control of phytopathogens by Pseudomonas strains 

Bacterial strains 

Pseudomonas putida type 
AI 

Pseudomonas fluorescens 
strain PIT-8 

Pseudomonas fluorescens 
CHAO 

Pseudomonas jluorescens 
Pf4-99 

Pseudomonas 
fuscovaginae UPMSP 20 

Suggested Mechanism Involved in 
Biocontrol Action 

Siderophore 

Chitinase, b-1 ,3-glucanase, 
cellulase, fungitoxic 

metabolites and siderophores 

Antibiotics 2,4-
diacetylphloroglucinol 

(PHL), pyoluteorin (PLT), and 
pyrrolnitrin and the siderophores 
salicylic acid and pyochelin 

IAA, siderophore 

IAA, siderophore, phosphate 
solubilization 

Pseudomonas corrugata IAA 
UPMSP 2 

Pseudomonas jluorescens 
strain R 

Pseudomonas spp. strains 

Pseudomonas fluorescens 
strains MKB 100 and 249 

Pseudomonas fluorescens 
CHAO 

Siderophore, HCN, phosphate 
solubilisation and IAA, chitinase 

Siderophore, HCN and protease 

Fluorescent siderophores, ISR 

2,4-diacetylphloroglucinol (DAPG) 
and pyoluteorin (PLT) 
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Werra et al., 
2009 
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Bacterial strains 

Pseudomonas sp. isolate 
NJ-101 

Pseudomonas stutzeri 
YPL-1 

Pseudomonas fluorescens 
WCS374r,WCS417r,Q2-
87,2-79 and CHAOr 

Pseudomonas spp. 

Pseudomonas fluorescens 
NCIM 5164 

Suggested Mechanism Involved in 
Biocontrol Action 

IAA, phosphate solubilization 

Chitinase, ,B-1 ,3-glucanase, 
laminarinase 

Siderophore 

Siderophore, antibiosis, production 
oflytic enzymes and ISR 

Siderophore 

Pseudomonas aeruginosa Siderophore 
NCIM 2036 

Pseudomonas fluorescens 
strain CV6 

Pseudomonas aeruginosa 
GRC1 

Pseudomonas fluorescens 
strain Mst 8.2 

Pseudomonas spp. M1P3, 
N1P3 and A1P3 

Pseudomonas fluorescens 
P5 

P. fluorescens 
P3/pME6863 

Pseudomonas 
fluorescens Pf29Arp 

Pseudomonas sp. PGC2 

Pseudomonas aeruginosa 
PUPa3 

Pseudomonas corrugata 
strain ICMP 5819 

Siderophore, IAA, HCN, catalase, 
protease, and phosphatase 

Chitinase, siderophore, HCN 

Siderophore, nitrogen fixation, 
phosphate solubilization, IAA, 
hydrolytic enzymes, HCN and 
antibiotics 

Chitinase, cellulose, f?l-1,3 
glucanase, HCN, siderophore 

Chitinase 

Lactonase, Phenazine 

ISR 

Chitinase, f?l-1 ,3-glucanase 

Phenazine-1-carboxamide, IAA 

HCN, IAA, phosphatase, 

and protease 
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Bacterial strains 

Pseudomonas fluorescens 

Pseudomonas corrugata 

P. fluorescens strain Psd 

P. aeruginosa SD 12 

Suggested Mechanism Involved in 
Biocontrol Action 

~ -1,3-glucanase , siderophore, 
Salicylic Acid, HCN 

Siderophore, ammonia, 

lipase and chitinase 

Siderophores, HCN, antibiotics 
(Phenazine, Pyrrolnitrin) 

Siderophore, protease, pectinase, 
cellulase, phosphatase, HCN 

2.2.1.1. Production of antibiotics 

24 
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Bacteria that produce antibiotics, which kill pathogens, act via antagonism 

if their mutants defective in structural genes in the synthesis of this 

antibiotic are biocontrol negative (Lugtenberg and Kamilova, 2009). For a 

bacterium to be suitable for biocontrol, it must not only synthesize and 

release the antibiotic, but also compete successfully with other organisms 

for nutrients from the root and for niches on the root to deliver the 

antibiotic along the whole root system (Chin-A-Woeng et al., 2000). Also, the 

bacterium should escape in sufficient numbers from predators feeding on 

rhizosphere bacteria, so-called protozoan grazers (Jousset et al., 2006). 

Furthermore, the bacterium should produce the antibiotic in the right 

microniche on the root surface (Pliego et al., 2008). 

Literature studies have revealed several reports of antifungal metabolites 

being produced by bio control bacteria in vitro, many of which has been 

shown to be active in vivo also. These are mostly produced by fluorescent 

pseudomonads, which are among the most common bacteria that inhabit 

the rhizosphere where they interact intimately with the plant roots thereby 

inhibiting the soil borne pathogens as well as influencing plant disease 

susceptibility and growth. These includes ammonia, butyrolactones, 2,4-

diacetyl phloroglucinol (Phl) (Raaijmakers and Weller, 1 998), HCN, 
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kanosamine (Milner et al., 1996), Oligomycin A (Kim et al., 1999), Oomycin 

A, Phenazine-1-carboxylic acid (PCA) (Thomashow et al., 1990), pyoluterin 

(Pit) (Kraus and Loper, 1995), pyrrolnitrin (Pin) (Hammer et al., 1997), 

viscosinamide (Thrane et al., 1999), xanthobaccin (Nakayama et al., 1999), 

and zwittermycin A as well as several other uncharacterised moieties. 

Antibiotics more recently discovered in biocontrol strains are d-gluconic 

acid (Kaur et al., 2006) and 2-hexyl-5-propyl resorcinol (Cazorla et al., 

2006). Volatiles other than hydrogen cyanide, such as 2,3-butanediol, or 

blends of volatiles (Ryu et al., 2003) can be involved in plant protection. 

Finally, lipopeptide biosurfactants produced by B. subtilis (Ongena et al., 

2007) and by pseudomonads (De Bruijn et al., 2007) have been implied in 

biocontrol. Rhamnolipid and phenazine act synergistically in suppressing 

soil borne diseases caused by Pythium spp. (Perneel et al., 2008). 

Despite strong experimental evidence for a positive role of Pseudomonas 

antibiotics in the suppression of a variety of root diseases on many different 

plants, it is unclear how this happens in situ. An intuitively attractive 

model of the microbial world could incorporate antibiotic-producing killers, 

antibiotic-resistant heroes, and antibiotic-sensitive victims. Based on such 

a view, it may be appealing to construct a theoretical model ecosystem in 

which "chemical warfare between microbes promotes diversity'' (Lenski and 

Riley, 2002; Haas and Keel, 2003). s·eveno et al. (2001) calculated that on 

nutrient agar, a biocontrol strain of P. aureofaciens produces PCA at 2-3 

mgjml inside the colonies. These concentrations inside microcolonies are 

one or two orders of magnitude higher than antibiotic concentrations 

observed in liquid media (S'eveno et al., 2001). Thus, inside microcolonies 

antibiotic concentrations might be sufficient to inhibit sensitive bacteria 

and fungi. Such a "stop invasion" strategy is supported by experimental 

data obtained from antibiotic-producing strains of streptomyces spp. and 

sensitive Bacillus subtilis competitors, showing that sensitive bacteria do 

not invade the antibiotic producer (unless they have become resistant by 

mutation). Moreover, in a structured environment, antibiotic production 

does not improve the ability of the producer to invade a population of 

sensitive microorganisms (Haas and Keel, 2003). The resident microflora as 
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well as the plant can strongly influence the expression of antibiotic 

biosynthetic genes in pseudomonads (Notz et al., 2001, 2002; Kraus and 

Loper, 1995; Wood et al., 1997; Howell and Stipanovic, 1980). A phlAO

OlacZ fusion monitoring DAPG formation in P. jluorescens CHAO is 

expressed more strongly on maize and wheat roots than on bean and 

cucumber roots (Notz et al., 2001). This differential regulation is likely 

caused by differences in exudate composition between monocots and dicots, 

although the biochemical and genetic details have not been elucidated. 

Pyuluteorin production by P. jluorescens contributes to the biocontrol of 

Pythium damping-off on cress (Maurhofer et al., 1994), but not on 

cucumber (Kraus and Loper, 1992~ Maurhofer et al., 1994). Root exudate

dependent variations in the quantity of pyoluteorin produced were 

suggested to cause the observed effects (Maurhofer et al., 1994). 

2.2.1.2. Signal interference 

Many bacteria only express pathogenicity /virulence factors at a high 

bacterial cell density, sensed when the level of quorum-sensing molecules 

such as homoserine lactones (AHLs) accumulate in the medium (Bassler, 

1999). AHLs are required, for example, for the synthesis of cell-wall

degrading enzymes of the pathogen Erwinia carotovora. Signal interference 

is a biocontrol mechanism based on the degradation of the AHL (Lin et al., 

2003), for example, by AHL lactonases of B. thuringiensis strains that 

hydrolyze the lactone ring or by AHL acylases that break the amide link. 

Recently, it was shown that AHL acylases play a role in the formation of 

biofilms (Shephard and Lindow, 2008). Lack of biofilm formation by 

pathogen makes biocontrol easier (Lugtenberg and Kamilova, 2009). 

Several antibiotics secreted by the biocontrol Pseudomonas strains also 

require minimal critical bacterial cell density. Biosynthetic genes for the 

phenazine antibiotics in P. aureofaci.ens 30-84, in P. chlororaphis PCL1391 

and in P. aeruginosa PA01 are under quorum sensing control (Chin-A

Woeng et al., 2001; Chugani et al., 2001) . The above findings collectively 

suggest that AHL signaling can have a profound influence on biocontrol 

efficacy. Both positive and negative influences on AHL-producing biocontrol 
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strains can be expected from other rhizobacteria. These may stimulate 

biocontrol when they produce the same AHL signal as does the biocontrol 

strain. Other rhizobacteria may interfere with biocontrol, either by 

degrading AHLs or by producing AHL antagonists (Haas and Keel, 2003). 

2.2.1.3. Parasitism and production of extracellular enzymes 

The ability of bacteria, especially actinomycetes, to parasitize and degrade 

spores of fungal plant pathogens is well established. Assuming that 

nutrients pass from the plant pathogen to bacteria, and that fungal growth 

is inhibited, the spectrum of parasitism could range from simple attachment 

of cells to hyphae, as with the to complete lysis and degradation of hyphae 

(Whipps, 2001). If fungal cells are lysed and cell walls are degraded then it 

is generally assumed that cell wall-degrading enzymes produced by the 

bacteria are responsible, even though antibiotics may be produced at the 

same time. Considerable effort has gone into identifying cell wall-degrading 

enzymes produced by biocontrol strains of bacteria even though relatively 

little direct evidence for their presence and activity in the rhizosphere has 

been obtained. Earlier studies have shown that isolated chitinases are 

involved in degradation of fungal hyphae and a positive correlation existed 

between chitinolytic activity and biological control of phytopathgens (Saha 

et al., 2012b). Chitinolytic enzymes endochitinase (58-kDa) and chitobiase 

(98-kDa) purified from Serratia marcescens B2 showed inhibitory effects on 

the spore germination of pathogenic fungus Botrytis cinerea (Someya et al., 

200 1). Biological control disappeared equally in two mutants of S. 

plymuthica IC1270 (previously known as Enterobacter agglomerans) one of 

which lost only chitinolytic activity but not antibiotic or proteolytic activity 

and the other, which lost all the three activities indicating that chitinolytic 

enzymes contribute significantly to the antagonistic activity of the strain 

(Chernin et al., 1995). TnS mutants of E. agglomerans deficient in 

chitinolytic activity were unable to protect cotton and expression of the chiA 

gene for endochitinase in E. coli allowed the transformed strain to inhibit R. 

solani on cotton seedlings. Similar techniques involving TnS insertion 

mutants and subsequent complementation demonstrated that biocontrol of 
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P. ultimum in the rhizosphere of sugar beet by stenotrophomonas maltophila 

W81 was due to the production of extracellular protease (Dunne et al., 

1997). Biocontrol of Phytophthora cinnamomi Rands root rot of Banksia 

grandis Willd. was obtained using a cellulase-producing isolate of 

Micromonospora carbonaceaLuedemann & Brodsky (El-Tarabily et al., 1996) 

and control of Phytophthora Jragariae var. rubi Hickman causing raspberry 

root rot was suppressed by the application of actinomycete isolates that 

were selected for the production of 13-1,3-, 13-1,4- and 13-1,6-glucanases 

(Valois et al., 1996). 

2.2.1.4. Induced systemic resistance 

Interaction of some bacteria with the plant roots can result in plants 

resistant to some pathogenic bacteria, fungi, and viruses. This phenomenon 

is called induced systemic resistance (ISR). ISR was discovered by the 

findings that resistance can be induced by the rhizobacterium 

Pseudomonas sp. strain WCS417r against Fusarium wilt of carnation and by 

selected rhizobacteria against the fungus Colletotrichum orbiculare in 

cucumber (Van Peer et al., 1991). ISR is dependent on jasmonic acid and 

ethylene signaling in the plant. Many individual bacterial components 

induce ISR, such as LPS, flagella, salicylic acid, and siderophores. More 

recently, cyclic lipopeptides, the antifungal factor Phl, the signal molecule 

AHLs, and volatile blends produced by B. subtilis GB03 and, to a lesser 

extent, the individual volatiles acetoin and 2,3-butanediol have been added 

to the list (Ongena et al., 2007; Lugtenberg and Kamilova, 2009). In 

contrast to many biocontrol mechanisms, extensive colonization of the root 

system is not required for ISR, as shown by the ISR of P. jluorescens 

WCS365 using root colonization mutants (Dekkers et al., 2000). It is 

unlikely that a poor colonizer acts through antibiosis, since colonization is 

the delivery system for antifungal components along the root system. As 

Bacillus strains are not good colonizers, there function as good biocontrol 

agents was surprising. However, the observation that certain antifungal 

metabolites can induce ISR explains this phenomenon. Therefore Bacillus 
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strains that can act as biocontrol agents, act through ISR rather than 

antibiosis (Lugtenberg and Kamilova, 2009). 

2.2.1.5. Competition for ferric iron ions 

Although competition between bacteria and fungal plant pathogens for 

space or nutrients has been known to exist as a biocontrol mechanism for 

many years, the greatest interest recently has involved competition for iron 

(Whipps, 2001). Under iron-limiting conditions, bacteria produce a range of 

iron chelating compounds or siderophores which have a very high affinity 

for ferric iron. These bacterial iron chelators are thought to sequester the 

limited supply of iron available in the rhizosphere making it unavailable to 

pathogenic fungi, thereby restricting their growth (O'Sullivan and O'Gara, 

1992; Loper and Henkels, 1999). Studies have clearly established that the 

iron nutrition of the plant influences the rhizosphere microbial community 

structure (Yang and Crowley, 2000). Iron competition in pseudomonads has 

been intensively studied and the role of the pyoverdine siderophore 

produced by many Pseudomonas species has been clearly demonstrated in 

the control of Pythium and Fusarium species, either by comparing the effects 

of purified pyoverdine with synthetic iron chelators or through the use of 

pyoverdine minus mutants (Loper and Buyer, 1991; Duijff et al., 1993). 

Pseudomonads also produce two other siderophores, pyochelin and its 

precursor salicylic acid, and pyochelin is thought to contribute to the 

protection of tomato plants from Pythium by Pseudomonas aeruginosa 

(Schroeter) Migula 7NSK2 (Buysens et al., 1996). However, siderophores are 

not always implicated in disease control by pseudomonads (Schmidli

Sacherer et al., 1997; Ongena et al., 1999). 

It has generally been accepted that when antibiosis is carried out on a test 

plate containing a medium with a low ferric iron concentration, and when 

the test strain inhibits fungal growth in the absence but not in the presence 

of added Fe3+ ions, the bacterial strain likely produces a siderophore, i.e., a 

Fe3+ ion-chelating molecule. Upon binding the ion, the formed siderophore

Fe3+ complex is subsequently bound by iron-limitation-dependent receptors 

at the bacterial cell surface and the Fe3+ ion is subsequently released and 
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active in the cytoplasm as Fe2+. Bacteria producing high concentrations of 

high-affinity siderophores in the rhizosphere can inhibit the growth of 

fungal pathogens when the Fe3+ concentration is low, e.g., in acid soils 

(Lugtenberg and Kamilova, 2009). The dynamics of iron competition in the 

rhizosphere are often complex. For example, some siderophores can only be 

used by the bacteria that produce them, whereas others can be used by 

many different bacteria (Ongena et al., 1999; Loper and Henkels, 1999). 

Different environmental factors can also influence the quantity of 

siderophores produced (Duffy and Defago, 1999). There is also the further 

complication that pyoverdine and salicylate may act as elicitors for inducing 

systemic resistance against pathogens in some plants (Leeman et al., 1996). 

2.2.1.6. Colonization and PGPR traits 

Irrespective of mode of action, a key feature of all plant growth promoting 

rhizobacteria is that they all colonize roots to some extent (Whipps, 2001). 

This may involve specific attachment as evident in Pseudomonas jluorescens 

2-79 to the surface of wheat roots (Vesper, 1987); however, such attachment 

does not seem to be an absolute requirement for colonization (de Weger et 

al., 1995). Colonization may involve simply root surface development but, 

endophytic colonization of the root is also known, and the degree of 

endophytic colonization depends on bacterial strain and plant type. 

Endophytic growth in roots has been recorded with the PGPR Bacillus 

polymyxa and Pseudomonas jluorescens Sm3-RN on spruce (Shishido et al., 

1999) and with the biocontrol strains of Bacillus sp. L324-92R and P. 

jluorescens 2-79RN on wheat (Kim et al., 1997). Colonization is widely 

believed to be essential for biocontrol and is found to be significantly 

correlated with disease control (Weller, 2007). 

Plant growth promoting rhizobacteria or PGPR include a diverse assemblage 

of bacteria representing a broad spectrum of genera (Weller, 2007). PGPR 

can affect plant growth either directly or indirectly. The direct promotion of 

plant growth by PGPR for the most part entails either providing the plant 

with a compound that is synthesized by the bacterium or facilitating the 

uptake of certain nutrients from the environment. The direct effects of PGPR 
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include providing the host plant with i) fixed nitrogen, ii) phosphorus and 

iron solubilized from the soil and iii) phytohormones such as auxins, 

cytokinins and gibberelins that are synthesized by the bacterium (Glick and 

Bashan, 1997). PGPR strains are aggressive colonists of the rhizosphere 

environment and they can persist for the duration of the growing season 

(Bahme and Schroth, 1987). PGPR can pre-empt the establishment of other 

rhizosphere microorganisms through competition for favoured sites on the 

root and in the rhizosphere {Kloepper and Schroth, 1981). 

2.3. Biocontrol of plant diseases by siderophore producing bacteria 

Due to requirement of iron for cell growth and metabolism, siderophore 

mediated acquisition of iron plays a central role in determining the ability of 

different microorganisms to colonize plant roots and contributes to 

microbial interactions in the plant rhizosphere. K.loepper et aL (1980) were 

the first to demonstrate the importance of siderophores in the mechanism 

of biological controL There are now 500 known siderophores, some which 

are widely used by various microorganisms, whereas others are used only 

by the same microbial species and strains that produce them (Wandersman 

and Delepelaire, 2004). In this section, the status of research conducted in 

the last 10 years on utilization of siderophore producing bacteria in 

controlling plant diseases has been reviewed. The review has been divided 

into two sections depending on the kind of bacteria utilized: Gram positive 

and Gram negative. 

2.3.1. Gram negative bacteria 

Although a range of different bacterial genera and species have been 

studied, the overwhelming number of papers have involved the use of 

Pseudomonas species (Whipps, 2001). Gram negative bacteria mostly those 

belonging to the Pseudomonas genera, have been cited as potential 

biological control agents and a number of Pseudomonas-based biocontrol 

inoculants have now been commercially developed. However, other gram 

negative bacteria like those belonging to the genera Serratia (Kamensky et 

al., 2003, Purkayastha et al., 2010), Agrobacteri.um (Lopez et al., 1989; 
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Penyalver et al., 2001) and Enterobacter(Utkhede et al., 1992; Duponnois et 

al., 1999) have also been reported as potential biocontrol agents. 

Pseudomonads are characteristically fast growing, easy to culture and 

manipulate genetically in the laboratory, and are able to utilize a range of 

easily metabolizable organic compounds, making them amenable to 

experimentation. But, in addition, they are common rhizosphere organisms 

and are considered as good colonizers. Having appropriate ecological 

rhizosphere competence may be a key feature for reproducible biological 

control activity in the spermosphere and rhizosphere. Pseudomonas 

bacteria are of particular interest because of the intrinsic ability of certain 

strains to colonize the rhizosphere at a high density, to compete 

successfully with microorganisms, and to produce secondary metabolites 

with powerful antifungal activity (Bloem berg and Lugtenberg, 2001; Mark et 

al., 2006). 

Penyalver et al., (2001) reported that the iron-binding siderophores were 

produced in various amounts in response to iron limitation by the bacterial 

species A. tumefaciens, A. rhizogenes, and A. vitis. The strain A. rhizogenes 

K84 which was reported earlier as a well known biocontrol agent of crown 

gall (Lopez et al., 1989), produced a hydroxamate type siderophore in large 

amount as well as an antibiotic-like substance called ALS8 when grown in 

iron-deficient medium. Similarly, sensitivity to ALS84 was expressed only 

when susceptible cells were tested in low-iron media. Southern blotting 

analysis revealed that the biosynthetic gene from strain K84 is present only 

in isolates of A. rhizogenes that produce hydroxamate-type compounds 

under iron restricted conditions. Based on physiological and genetic 

analyses a distinct correlation between production of a hydroxamate 

siderophore and ALS84 by strain K84 was evident. 

Ran et al. (2005) investigated the influence of siderophore production by 

biocontrol bacteria in relation to ISR in plants. The ability of selected 

strains of fluorescent Pseudomonas spp. to cause induced systemic 

resistance (ISR) in Eucalyptus urophylla against bacterial wilt caused by 

Ralstonia solanacearum was investigated. Two strains, P. putida WCS358r 
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and P. jluorescens WCS37 4r activated ISR when infiltrated into two lower 

leaves 3-7 days before test inoculation. A mutant of strain WCS358r 

defective in the biosynthesis of the fluorescent siderophore pseudobactin, 

did not cause ISR, while the purified siderophore of WCS358r positively 

induced ISR, suggesting that pseudobactin 358 is the ISR determinant of 

WCS358. A siderophore-minus mutant of WCS374r induced the same level 

of disease resistance as its parental strain, but the purified siderophore 

induced resistance as well, indicating that both the siderophore and 

unknown, inducing determinant(s) of WCS374r can trigger ISR in 

Eucalyptus urophylla. In another study, TnS transposon mutant of the 

strain Pseudomonas putida WCS358 defective in biosynthesis of the 

fluorescent siderophore pseudobactin was still found to be effective in 

inducing disease resistance in bean against Colletotrichum lindemuthianum 

infection but the same mutant strain lost its effectivity in tomato against 

Botrytis cinerea infection. Pseudobactin isolated from the parental strain 

successfully induced ISR in both bean and tomato and protected the plants 

against their respective pathogens (Meziane et al., 2005). The authors 

observed that apart from siderophores, other factors such as 

lipopolysachharides of the bacteria can cause similar effect in these plants. 

Saikia et al. (2005) studied the effect of availability of iron on inducing 

systemic resistance by Pseudomonas spp in chickpea against Fusarium wilt. 

Selected isolates of Pseudomonas fluorescens (Pr4-92 and PiRsC5) and P. 

aeruginosa (PaRsG18 and PaRsG27) were observed for PGPR activity and 

ISR against Fusarium wilt in chickpea. It was also found out that the 

Pseudomonas spp. could successfully colonized in root of chickpea and 

significantly suppressed the disease in greenhouse condition. All isolates of 

Pseudomonas spp. showed better disease control in the induced systemic 

resistance (ISR) bioassay when iron in the nutrient solution was less 

available. The result of High performance liquid chromatography (HPLC) 

analysis indicated that all the bacterial isolates produced more salicylic 

acid, an inducer of ISR at low iron than high iron availability. 
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Kapsalis et al. (2008) reported that the entomopathogenic bacterial strains 

Pseudomonas {Flavimonas) oryzihabitans and Xenorhabdus nematophilus, 

can be used for suppression of few soil-borne pathogens. In vitro antifungal 

activity of the bacterial strains was tested by studying the mycelium and 

spore development of soil-borne pathogens, Pythium spp. and Rhizoctonia 

solani, the causal agent of cotton damping-off. The role of the antibiotics 

phenazine-1-carboxylic acid (PCA), HCN and siderophores in the biocontrol 

activity of these entomopathogenic strains was studied and the result 

supported earlier evidence that mechanisms of secondary metabolites may 

be responsible for reducing damping-off diseases. 

Chaiharn et al. (2009) reported the possible role of siderophore producing 

soil bacteria in inhibiting plant pathogenic fungi. A total of 216 bacterial 

isolates were obtained from soil samples taken from paddy fields in 

Northern Thailand and the isolates were checked for siderophore production 

and effectiveness in inhibiting the growth in vitro of 4 important rice 

pathogenic fungi; Alternaria sp., Fusarium oxysporum, Pyricularia oryzae 

and Sclerotium sp., the causal agent of leaf spot, root rot, blast and stem rot 

in rice repectively. It was found that 23% of the bacteria isolated produced 

siderophore on solid plating medium and liquid medium. In dual culture 

technique, the siderophore producing rhizobacteria showed a strong 

antagonistic effect against the tested phytopathogens. The isolate 

Pseudomonas aureofaciens AR 1 was the best siderophore producer overall 

producing hydroxamate type siderophore and this strain exhibited an in 

vitro antagonistic effect against Alternaria sp., F. oxysporum and P. oryzae. 

Sharifi et al. (2010) demonstrated the role of pyoverdine production in 

Pseudomonas jluorescens UTPFS in suppression of common bean damping 

off caused by Rhizoctonia solani (Kuhn). Pseudomonas jluorescens UTPFS 

was isolated from onion field soil and it was observed that this bacterial 

isolate effectively controlled several phytopathogenic fungi. Pyoverdine type 

siderophore of this strain was isolated using XAD amberlite column. The 

plant growth promotion and antifungal properties of bacteria were 

demonstrated under greenhouse conditions in combination with Fe-EDTA, 
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Fe-EDDHA and Zn as modulators of pyoverdine production. Amendment 

with zinc, Fe-EDTA and Fe-EDDHA suppressed the disease inhibition when 

partially used with UTPF5. 7NSK2 and its pyoverdine mutant, MPFMl, were 

used as reference strains, the inhibition percent of which was not affected 

by soil amendment. Iron chelates, especially Fe-EDDHA, increased growth 

and chlorophyll production by plants. This effect was improved in the 

presence of bacterial strains. The siderophore mutant MPFMl did not 

exhibit satisfactory disease inhibition and growth promotion activity. In vitro 

experiments showed that purified pyoverdine could decrease the fungal 

growth to the same extent as pyoverdine-producing strain. 

The soybean epiphyte Pseudomonas syringae pv. syringae strain 22d/93 

which showed great potential for controlling P. syringae pv. glycinea, the 

causal agent of bacterial blight of soybean (Volksch and May, 2001) 

produced a significantly larger amount of siderophores than the pathogen P. 

syringae pv. glycinea produced (Wensing et al., 2010). While P. syringae pv. 

syringae 22d/93 and P. syringae pv. glycinea produce the same 

siderophores, achromobactin and pyoverdin, the regulation of siderophore 

biosynthesis in the former organism is very different from that in the latter 

organism. The epiphytic fitness of P. syringae pv. syringae 22d/93 mutants 

defective in siderophore biosynthesis was determined following spray 

inoculation of soybean leaves. The population size of the siderophore

negative mutant P. syringae pv. syringae strain 22d/93~Sid was 2 orders of 

magnitude lower than that of the wild type 10 days after inoculation. The 

results suggested that siderophore production has an indirect effect on the 

biocontrol activity of P. syringae pv. syringae 22d/93. Although 

siderophore-defective mutants of P. syringae pv. syringae 22d/93 still 

suppressed development of bacterial blight caused by P. syringae pv. 

glycinea, siderophore production enhanced the epiphytic fitness and thus 

the competitiveness of the antagonist (Wensing et al., 2010). 

Kanimozhi and Perinbam (2011) investigated siderophore mediated 

antagonistic activity of Pseudomonas jluorescens Lp 1 isolated from soil 

against common fungal pathogens of plant. The authors optimized the 
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siderophore production under varied physiochemical conditions and also 

partially purified the siderophore. Antagonistic activity of Pseudomonas 

jluorescens Lp 1 against plant fungal pathogens such as Aspergillus jlavus, 

A. niger, Curvularia sp. and Fusarium sp. was evaluated. Inhibition of 

mycelial growth of tested pathogens was observed upto 52.5%. In a similar 

study, fifty-eight Pseudomonas strains were obtained from the chickpea and 

green gram rhizosphere and these were tested for siderophore production 

and colony growth. Diameter of halo zone in CAS agar medium varied with 

different strains. The antagonistic activities of the isolates were tested 

against some phytopathogenic fungi i.e., Fusarium oxysporum, Rhizoctonia 

solani and Pythium aphanidermatum. Coinoculation of Pseudomonas strain 

CP56 with Bradyrhizobium strain and R. solani showed increase in plant dry 

weight at 60 days in comparison to control uninoculated plants and entirely 

suppressed the root rot disease under pot house conditions (Sahu and 

Sindhu, 2011). 

Sayyed and Patel (2011) studied the role of siderophore producing bacteria 

for in vitro phytopathogen suppression. The activity of siderophoregenic 

preparations of Ni and Mn resistant Alcaligenes sp. STC 1 and Pseudomonas 

aeruginosa RZS3 SH-94B isolated from soil were found to be promising and 

more effective than chemical pesticide. Both the broth and supematant of 

siderophore rich culture showed antagonistic activity against Aspergillus 

niger NCIM 1025, Aspergillusjlavus NCIM 650, Fusarium oxysporum NCIM 

1281, Alternaria alternata ARI 715, Cercospora arachichola, Metarhizium 

anisopliae NCIM 1311 and Pseudomonas solanacerum NCIM 5103. 

Villalobos et al., (2012) described the activity of siderophore producing 

bacterium Burkholderia cepacia XXVI in biological control of Colletotrichum 

gloeosporioides ATCC MY A 456, the causal agent of anthracnose in mango. 

Tests for production of IAA and lytic enzyme activities (cellulase, glucanase 

and chitinase) by B. cepacia XXVI were negative, which was an indicative 

that these metabolites were not involved in the biocontrol effect. Based on 

halo formation on CAS-agar, as well as colorimetric tests, it was confirmed 

that strain XXVI produced a hydroxamate siderophore and it was involved 
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in the growth inhibition of the pathogen on the diagnostic medium. The 

minimal inhibitory concentration test showed that 0.64 pg /ml of 

siderophore (Deferoxamine mesylate salt-equivalent) was sufficient to 

achieve 91.1 % inhibition of the pathogen growth on PDA. The biocontrol 

capacity against C. gloeosporioides ATCC MYA 456 correlated directly with 

the siderophore production by B. cepacia XXVI. Gull and Hafeez (2012) 

isolated 14 siderophore positive Pseudomonas strains and tested them for 

their biocontrol potential against the phytopathogen Rhizoctonia solani 

using various dual culture assays. The involvement of siderophores in the 

inhibition of R. solani was checked by FeCb experiment. The most potent 8 

antagonisitic strains were found positive in nitrogen fixation, phosphate 

solubilization, IAA, various hydrolytic enzymes, hydrogen cyanide and 

antibiotics production. Spectrochemical analysis indicated that all the 

bacterial strains produce catecholate type of siderophores. The authors 

suggested that siderophore production was the key mechanism involved in 

the antagonism. 

Serratia strains have been shown to secrete siderophores under in vitro 

conditions (Kamensky et al., 2003; Purkayastha et al., 2010) but there is no 

direct evidence of siderophore being the major contributor in biological 

control. Muller et al. (2009) observed that siderophore production in S. 

plymuthica strain HRO-C48 is not influenced by quorum sensing 

mechanism mediated by acyl homoserine lactones. However, siderophores 

seemed to be involved in induction of resistance in cucumber by Serratia 

marcescens 90-166 since it was affected negatively by high 

concentration (Press et al., 1997). The authors observed that a mutant 90-

166 strain that was defective in siderophore production failed to induce 

systemic resistance in cucumber against Colletotrichum orbiculariae. Ovadis 

et al. (2004) studied the regulatory mechanism of siderophore production by 

S. plymuthica strain IC1270. However, neither GrrA/GrrS nor RpoS affected 

siderophore production by strain IC1270 indicating that these global 

regulators probably do not have a role in siderophore production. 
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2.3.2. Gram positive bacteria 

Although biocontrol strains of fluorescent pseudomonades have contributed 

greatly to the understanding of the mechanisms that are involved in 

phytostimulation and disease suppression, biological preparations from 

spore-forming Bacillus spp. are often preferred due to their long-term 

viability which facilitates the development of commercial products (Haas 

and Defago, 2005; Emmert and Handelsman, 1999; Romero et al., 2007). 

Compared to plant growth-promoting Pseudomonas rhizobacteria, relatively 

little is known about the lifestyle of plant associated Bacillus spp., which 

were originally considered as typical soil bacteria, despite their well

established advantages for beneficial action on plant growth and biocontrol 

(Compant et al., 2005; Chen et al., 2007). 

Sousa et al. (2008) suggested that Streptomycetes strains may be utilized as 

biocontrol and PGPR agents. They characterized six isolates of 

streptomycetes that produced siderophores, different extracellular enzymes 

and IAA, solubilised phosphate, colonized roots of tomato seedlings and 

grew under different pH and salinity levels. The isolates AC-147, AC-95, 

and AC-29 produced siderophores in large amount. All isolates colonized 

tomato roots in vitro, and AC-92 grew under all pH and salinity levels 

tested. In a similar study, I<h.amna et al. (2009) observed that Streptomyces 

CMU-PAlOl and Streptomyces CMU-SK126 produced antifungal 

compounds, IAA and siderophores in high amount and they suggested that 

these isolates may serve as altemative means to control the 

phytopathogens. 

Li et al. (2008) isolated a chitinase-secreting strain CH2 along with 353 

strains from rhizosphere of eggplant. Based on 168 rDNA sequence 

alignment and several biochemical and physiological characteristics, the 

strain was identified to be of Bacillus cereus. On chitin-Ayers (CA) medium, 

the strain secreted chitinase. Evaluation of its activity, combined with 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

showed it to be a 15.0-KD chitinase. On glass slides, germination of the 

fungal spores was effectively suppressed by the bacterial suspension, 
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supernatant from the suspension, and 0.005% solution of chitinase 

extracted from the strain CH2. The optimum pH for chitinase was 7.1 and 

optimum temperature was 400C. At that temperature, high-level chitinolytic 

activity was retained for 10 days. In greenhouse experiments, suspension of 

the cells of the CH2 strain reduced the severity of Verticillium wilt on 

eggplant by 69.69%, its supernatant by 54.04%, and the enzyme diluted to 

0.01% strength by 53.13% in 14 days. The authors suggested that strain 

CH2 and its chitinase have good commercial potential in controlling 

Verticillium wilt. 

Yu et al. (20 11) reported the role of siderophore producing Bacillus in 

controlling plant pathogens. In their study they screened for siderophore 

positive bacteria from rhizospheric soil of pepper in Hainan, China and 

Bacillus subtilis strain CAS15 was obtained. In vitro test showed that CAS15 

can strongly limit the growth of 15 plant fungal pathogens, with rates of 

inhibition ranging from 19.26 to 94.07%. Chemical characterization of the 

siderophore by the ESI-MS and DHB(G) assays showed that CAS15 

produced the catecholic siderophore 2,3-dihydroxybenzoate-glycine

threonine trimeric ester bacillibactin under iron starvation. A pot culture 

experiment was used to study the effects of B. subtilis CAS15 on pathogen 

development and plant growth. CAS15 reduced the incidence of Fusarium 

wilt in pepper significantly, by 12.5-56.9%, but iron supplementation 

reduced this biocontrol effect, which suggested that this strain also 

participated in induced systemic resistance (ISR) in pepper. Additionally, 

the strain showed strong growth promoting activity with treated plants 

growing 27.24-54.53% taller than controls. B. subtilis CAS15 also enhanced 

the yield of pepper by increasing the average crop yield per plant by 

49.68%. 

Almoneafy et al. (2012) worked with about 200 Bacillus strains isolated 

from tomato and potato rhizosphere and they found four strains, Bacillus 

amyloliquefaciens AMl, Bacillus amyloliquefaciens D29, Bacillus subtilis 

D16, and Bacillus methylotrophicus H8 which showed strong antagonistic 

activity against the pathogen Ralstonia solanacearum T -91 and resulted in 
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81.1 to 89.0% reduction of disease incidence of bacterial wilt in treated 

tomato plants. The four strains showed ability to inhibit growth of the three 

soil-borne fungi, produce indole-3-acetic acid, siderophores and also with 

exception of strain Dl6, the other 3 strains were capable of phosphate 

solubilization. It was also observed that plant height was significantly 

increased by 22.7 to 43.7% and dry weight by 47.93 to 91.55% compared 

with non-treated control. In another study, the siderophore and IAA 

producing strains Bacillus subtilis WR-W2 and Bacillus amyloliquefaciens 

MR-AI have been reported to show significant increase in growth when the 

strains were used as bioinoculum in rice plants (Pusa sugandha III) (Mishra 

and Kumar, 2012). 


