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Abstract Of 80 fluorescent pseudomonad strains
screened for phosphate solubilization, three strains
(BFPBY, FP12 and FP13) showed the ability to solubilize
tri-calcium phosphate (Caz(PO,),). During mineral phos-
phate solubilization, decrease of pH in the culture medium
due to the production of organic acids by the strains
was observed. These phosphate solubilizing strains pro-
duced indole-3-acetic acid (IAA) and protease as well as
exhibited a broad-spectrum antifungal activity against
phytopathogenic fungi. When tested in PCR using the
gene-specific primers, strain BFPB9 showed the presence
of henBC genes that encode hydrogen cyanide. On the
basis of phenotypic traits, 16S rRNA sequence homology
and subsequent phylogenetic analysis, strains BFPBY,
FP12 and FP13 were designated as Pseudomonas aeru-
ginosa, P. plecoglossicida and P. mosselii, respectively.
Present investigation reports the phosphate solubilization
potential and biocontrol ability of new strains that belong
to P. plecoglossicida and P. mosselii. Because of the innate
potential of phosphate solubilization, production of sider-
ophore, IAA, protease, cellulase and HCN strains reported
in this study can be used as biofertilizers as well as bio-
control agents.

Keywords Fluorescent pseudomonads -
Phosphate solubilization - Indole-3-acetic acid -
Protease - Antifungal activity

B. K. Jha - M. Gandhi Pragash - J. Cletus - G. Raman -

N. Sakthivel (PX)

Department of Biotechnology, Pondicherry University, Kalapet,
Puducherry 605014, India

e-mail: puns2005@gmail.com

Introduction

Fluorescent pseudomonads, the group of Gram negative,
motile rods distributed in temperate as well as in tropical
soils are predominate among bacteria associated with plant
rhizospheres (Glick 1995; Sakthivel and Gnanamanickam
1989; Sutra et al. 2001). These bacteria that inhabit dif-
ferent geographical regions produce an array of enzymes
and metabolites of biotechnological importance such as
enzymes involved in solubilizing of inorganic phosphate
and iron, vitamins, phytohormones and antimicrobial
metabolites and also capable of improving plant nutrients
uptake, tolerance to stress, salinity, metal toxicity and
pesticide (O’Sullivan and O’Gara 1992; Vassilev et al.
2006).

Phosphate solubilizing bacteria have been reported for
promoting plant growth and enhancing yield (Kapoor et al.
1989; Rodriguez and Fraga 1999). Secretion of organic
acids and phosphatase enzymes are common mechanisms
that facilitate the conversion of insoluble forms of phos-
phorous to plant available forms (Kim et al. 1998;
Richardson 2001). Solubilization of insoluble phosphorous
to accessible forms like orthophosphate is one of the
important traits of plant growth promoting rhizobacteria
(PGPR). The PGPR producing IAA hormone are known to
have dual role in influencing plant growth, by involving in
the biocontrol together with glutathione-s-transferases in
defence-related plant reactions and inhibit the germination
of spore and growth of mycelium of different pathogenic
fungi (Brown and Hamilton 1993). IAA hormone when
supplied to excised potato leaves eventually reduced the
severity of the disease provoked by Phytophthora infestans
(Martinez Noel et al. 2001). Pathogen-suppressing ability
of fluorescent pseudomonads is mainly due to their
potential to produce an array of antibiotics viz., phenazines
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(Gurusiddaiah et al. 1986; Pierson and Thomashow 1992),
pyrrole-type compounds (Homma and Suzui 1989; Pfender
et al. 1993), polyketides (Kraus and Loper 1995) and
peptides (Nielsen et al. 1999, 2000; Sorensen et al. 2001).

Fluorescent pseudomonads being major group of rhi-
zobacteria colonise aggressively with the plant roots have
been considered as an important group for sustainable
agriculture and therefore, the screening of such bacteria
with biofertilizing and biocontrol properties has been the
subject of interest. Fluorescent pseudomonad species such
as P. chlororaphis, P. putida, P. aeruginosa, P. fluores-
cens, P. trivialis, P. striata and P. poae have been
identified as phosphate solubilizing rhizobacteria (Cattelan
et al. 1999; Gaind and Gaur 2002; Bano and Musarrat
2003; Sunish Kumar et al. 2005; Gulati et al. 2008). Present
study was aimed to isolate phosphate solubilizing fluores-
cent pseudomonad strains and to study their functional
characteristics for plant growth and biocontrol of
phytopathogens.

Materials and methods

Isolation and screening of phosphate solubilizing
fluorescent pseudomonads

Rhizosphere soil samples were collected from the rice field
located at Puducherry. Soil suspensions were obtained by
shaking 10 g of tightly adhering soil on roots in 90 ml of
0.1 M MgSO, - 7H,0O buffer for 10 min at 180 rpm in a
rotary shaker. Serial dilutions of the rhizospheric soils
(100 pl) were plated onto Pseudomonas isolation agar
(Difco Laboratories, Detroit, USA) and incubated for
2 days at 28°C. Pure cultures were established from single
colonies. Colonies were streaked onto King’s B agar (per
litre contains 20 g protease peptone, 15 ml glycerol, 1.5 g
K,HPO,, 1.5 g MgSO, - 7TH,O and 15 g agar, pH 7.0)
(King et al. 1954). After 2 days incubation at 27°C, colo-
nies were screened for fluorescence under UV light
(366 nm). To determine the solubilisation of phosphate,
strains were streaked onto Pikovskaya’s agar medium
(Pikovskaya 1948). After 3 days of incubation at 28°C,
bacteria that induced clear zone around the colonies were
considerd positive.

Time courses of growth and estimation of soluble
phosphates

Strains were inoculated to 50 ml of phosphate solubiliza-
tion estimation medium (per litre contains 0.5 g yeast
extract, 10 g dextrose, 5 g CaCl,, 0.5 g (NH4),SOy4, 5 g
Caz(POy),, 0.2 g KCI, 0.1 g MgSQO,, 0.0001 g MnSO,4 and
0.0001 g FeSOy, pH 7.0) and grown at 28°C with 180 rpm
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on rotary shaker. At different time intervals (1, 3, 5, 7 and
10 days), samples were drawn and used for the estimation
of soluble phosphate and for checking the pH of the culture
medium. For estimation of soluble phosphate in culture
medium, 1 ml culture filtrate was added to 4.5 ml of
chloromolybdic acid (1.5 g of ammonium molybdate was
dissolved in 40 ml of warm water, 34.2 ml of 12N HCI was
added, allowed to cool and made up to 100 ml with dis-
tilled water) in each test tube and vortexed. To this
0.025 ml of chlorostannous acid (2.5 g of SnCl, - H,O
dissolved in 10 ml of 12N HCI, made up to 100 ml with
distilled water) was added and immediately made volume
to 5 ml. Optical density (OD) was measured at 600 nm.
Standard curve was prepared using 50, 100, 150, 200, 250
and 300 pg ml~!' concentrations of potassium dihydrogen
phosphate.

Siderophore assay

Production of siderophore was determined using chrome
azurol S (CAS) agar method (Alexander and Zuberer
1991). Briefly, the bacterial inoculum was dropped onto the
centre of a CAS plate. After incubation at 28°C for 5 days,
siderophore production was assessed by change in the
colour of the medium from blue to orange.

Determination of indole-3-acetic acid (IAA)

The production of IAA was determined using LB-trypto-
phan agar (Bric et al. 1991). Single colony was streaked
onto LB agar amended with 5 mM L-tryptophan, 0.06%
sodium dodecyl sulphate and 1% glycerol. Plates were
overlaid with Whatman no. 1 filter paper (82 mm diameter)
and the bacteria were allowed to grow for a period of
3 days. After the incubation period, the paper was removed
and treated with Salkowski’s reagent (Gordon and Weber
1951) with the formulation of 2% ferric chloride (0.5 M) in
35% perchloric acid. Membranes were saturated in a Petri
dish by soaking directly in Salkowski’s reagent and the
production of TAA was identified by the formation of a
characteristic red halo within the membrane immediately
surrounding the colony.

Determination of protease

Protease production was determined using skim milk agar
(per litre contains 5 g pancreatic digest of casein, 2.5 g
yeast extract, 1.0 g glucose, 100 ml of 7% skim milk
solution and 15 g agar). Bacterial cells were spot inocu-
lated and incubated for 2 days at 28°C. Proteolytic
activities were identified by clear zone around the cells
(Smibert and Krieg 1994).
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Determination of cellulase

Production of cellulase was determined using carboxy-
methyl cellulose (CMC) agar method (Cattelan et al. 1999).
Bacteria were spot inoculated onto M9 medium agar
amended with 10 g of carboxymethyl cellulose, 1.2 g of
yeast extract, congo red (0.02%) per litre of distilled water.
After 8 days of incubation at 28°C, colonies surrounded by
clear halos were considered positive for cellulase
production.

Test for antagonism

Fungal pathogens, Rhizoctonia solani RSR1 (sheath blight
of rice), Magnaporthe grisea MGS (blast of rice), Macro-
phomina phaseolina MPS (charcoal rot of ground nut),
Sarocladium oryzae SONS (sheath rot of rice), Botrytis
cinerea BCTNAU (Blight of tobacco), Pestalotia theae
PTS (leaf spot of tea), Colletotrichum falcatum (red rot of
sugarcane), C. capsici CPS (fruit rot of chilli) and C.
gleosporoides CGS (anthracnose of mango), Fusarium
oxysporum f. sp. cubense FOC (discoloration of banana), F.
oxysporum f. sp. vasinfectum FOVS (wilt of cotton), Cyl-
indrocladium floridanum ATCC42971 (root necrosis of
banana) and Cy. scoparium ATCC46300 (root necrosis of
banana) were used in this study. Strains were tested for in
vitro antagonism towards fungal pathogens by following
standard co-inoculation technique on potato dextrose agar
(Sakthivel and Gnanamanickam 1987; Ayyadurai et al.
2007). Briefly, bacterial plugs (6 mm diameter) were
removed from a 48 h culture and were transferred to the
centre of PDA plates, which had been inoculated with

fungal spore suspension (10° conidia ml™"). Assay plates
were incubated at 28°C for 3 days and growth-inhibition
appeared around the bacterial plugs was measured.

Detection of antibiotic genes and production
of antifungal metabolites

Total genomic DNA was extracted using the method as
described earlier (Sakthivel et al. 2001). Detection of the
genes that encode for the production of antibiotics such
as, 2,4-diacetylphloroglucinol (DAPG), phenazine-1-
carboxylic acid (PCA), phenazine-1-carboxamide (PCN),
pyrrolnitrin  (PRN), pyoluteorin (PLT) and hydrogen
cyanide (hcnBC) was done by PCR using gene-specific
primers. Reference strains, Pseudomonas fluorescens Pf5,
P. fluorescens 2-79, P. aureofaciens 30-84, P. aeruginosa
PAO1 were used as positive controls for the detection of
antibiotic gene. Oligonucleotide primers were synthesised
by Integrated DNA Technologies Inc. (Coralville, IA,
USA). Details of sequences of primer pairs, Phl2a—PhI2b
for DAPG, PCA2a-PCA3b for PCA, PhzHup—PhzHlow for
PCN, Prncf-Prncr for PRN, PltBf-PltBr for PLT, ACa—
ACb for henBC and amplification conditions are given in
Table 1. PCR reaction (50 pl) contained 50 pmol of pri-
mer, 50 ng of genomic DNA, 1x Tag DNA polymerase
buffer, 0.5 U of Tag DNA polymerase (Promega, Madison,
WI, USA), 0.2 mM of each deoxynucleotide triphosphate,
and 1.5 mM MgCl,. Amplification was performed in a
DNA thermal cycler (Mastercycler epgradient PCR
machine, Eppendorf, Germany). A 5 ul aliquot of each
amplification product was electrophoresed on a 0.7%
agarose gel in 1x Tris—acetate—-EDTA (TAE) buffer at

Table 1 Primers and amplification conditions for the different PCR based detection of genes that specify the production of antibiotics

Gene  Primer Sequence Amplification conditions
DAPG Phl2a 5'-GAGGACGTCGAAGACCACCA-3/ Initial denaturation 94°C for 90 s, 35 cycles Mavrodi et al. 2001b
Phi2b 5,—ACC GCAGCATCGTGTATGAGS/ of 94°C for 35 S, 64.9°C for 30 S, and 72°C
for 45 s
PCA PCA2a 5'-TGCCAAGCCTCGCT CCAAC-3’ Initial denaturation 94°C for 3 min, 30 cycles  Raaijmakers et al. 1997
PCA3b  5-CGCGTTGTTCCTCGTTCAT-3' of 94°C and 72°C for 60 s.
PCN  PhzH-up 5-CGCACGGATCCTTTCAGAATGTTC-3' Initial denaturation 94°C for 30 s, 30 cycles Mavrodi et al. 2001a
PhzH-low 5'-G CCACGCCAAGCTTCACGCTCA-3' of 94°C for 30 s, 64°C for 30 s, and 72°C
for 7 min
PRN  Prncf 5'-CCACAAGCCCGGCCAGGAGC-3’ Initial denaturation 94°C for 2 min, 30 cycles Mavrodi et al. 2001b
Pmer 5-GAGAAGAGCGGGTCGATGAAGCC-3/ of 94°C for 1 min, 58°C for 45 s, and 72°C
for 1 min
PLT PItBf 5'-CGGAGCATGGACCCCCAGC-3' Initial denaturation for 94°C for 2 min, Mavrodi et al. 2001b
PItBr 5-GTGCCCGATATTGGTCTTGACCGAG-3' 29 cycles of 94°C for 1 min, 63.3°C for
45 s, and 72°C for 1 min
hecnBC  Aca 5'-ACTGCCAG GGGCGGATGTGC-3’ Initial denaturation 94°C for 2 min Ramette et al. 2003
Acb 5'-ACGATGTGCTCGGCGTAC-3' 30 s, 30 cycles of 94°C for 30 s, 67°C for 30 s,

and 72°C for 1 min.
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50 V for 45 min, stained with ethidium bromide, and the
PCR products were visualised under UV transilluminator
and documented in Gel documentation system (Vilber
Lourmat, France). In order to test the production of anti-
fungal metabolites, strains were inoculated in the
fermentation media. Production of DAPG and PCA was
tested by growing bacteria in pigment producing medium
(per litre contains 20 g peptone, 20 ml glycerol, 5 g NaCl
and 1 g KNOs;, pH 7.2) for 5 days at 28°C (Gurusiddaiah
et al. 1986). Production of PLT was tested by growing
bacteria in KB broth for 14 days at 25°C (de Souza and
Raaijimakers 2003). PRN production was tested by grow-
ing bacteria in a minimal medium (per litre contains 30 g
glycerol, 3 g K,HPO,, 0.5 g KH,PO,, 5 g NaCl, 0.5 g
MgSO,4 - TH,0, 035 mM ZnSO4 0.5 mM  MO7(N-
H4)6024 - H,O and 0.61 g p-tryptophan) for 24 h at 25°C
and subsequently incubated at 25°C in a dark for 4 days (de
Souza and Raaijimakers 2003). The culture supernatants
were extracted with ethyl acetate and the production of
antibiotics was verified by analytical HPLC as described
(Ayyadurai et al. 2007).

Production of hydrogen cyanide (HCN)

To determine the production of HCN, bacteria were
streaked onto KB agar plates supplemented with glycine
44¢g 1_1). After this, the Petri dish was inverted and a
piece of filter paper impregnated with 0.5% picric acid
(yellow) and 2% sodium carbonate was placed on the lid.
Petri dish was sealed with parafilm and incubated at 28°C
for 96 h. Discoloration of the filter paper from orange to
brown after incubation was considered as microbial pro-
duction of cyanide (de Souza and Raaijmakers 2003;
Sunish kumar et al. 2005).

16S rRNA gene amplification, sequencing
and phylogenetic tree analysis

Amplification of 16S rRNA gene was performed from the
genomic DNA of bacteria as described earlier using uni-
versal primers fD1 (5-GAGTTTGATCCTGGCTCA-3')
and P2 (5-CGGCTACCT TGTTACGACTT-3') (Weis-
burg et al. 1991). PCR cocktail (50 pl) contained 50 pM of
primer, 50 ng of genomic DNA, 1x Taq DNA polymerase
buffer, 1 U of Tag DNA polymerase (Promega, Madison,
WI, USA), 0.2 mM of each dNTP, and 1.5 mM MgCl,.
Amplification was performed in PCR machine (Perkin
Elmer 2400, USA) programmed with an initial denatur-
ation at 94°C for 3 min, followed by 30 cycles of 10 s at
94°C, 1 min at 56°C and 30 s at 72°C with an extension of
72°C for 5 min. A 5 pl aliquot of each amplification
product was electrophoresed on a 0.7% agarose gel in 1x
TAE buffer at 50 V for 45 min, stained with ethidium
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bromide, and the PCR products were visualised with a UV
transilluminator. PCR products were purified using Quick
PCR purification column (Promega, Madison, WI, USA).
Purified PCR products were sequenced with automated
DNA sequencer with specific primers using the facility at
Macrogen Inc. (Seoul, Korea). The 16S rRNA sequences
were subjected to BLAST search from the NCBI database
for bacterial strain identification. The reference sequences
required for comparison were downloaded from the
European Molecular Biology Laboratory (EMBL) data-
base available on the site http://www.ncbi.nlm.nih.gov/
GenBank. Sequences of 16S rRNA were aligned by the aid
of multiple sequence alignment program CLUSTAL V
(Higgins et al. 1992). The aligned sequences were then
checked for gaps manually, arranged in a block of 600 bp in
each row and saved as molecular evolutionary genetics
analysis (MEGA) format in software MEGA v3.0. The
pairwise evolutionary distances were computed with the help
of Kimura 2-parameter (Kimura 1980). To obtain the con-
fidence values, the original data set was resampled 1,000
times using the bootstrap analysis method. The bootstrapped
data set was used directly for constructing the phylogenetic
tree by the MEGA v3.0 program for calculating the multiple
distance matrixes. The multiple distance matrix obtained
was then used to construct phylogenetic trees using neigh-
bour-joining (NJ) method (Saitou and Nei 1987). All these
analyses were performed with the aid of MEGA v3.0 (Kumar
et al. 2004). The nucleotide sequences of 16S rRNA were
deposited in GenBank with accession numbers.

Results

Isolation and screening of phosphate solubilizing
bacteria

Of the 80 fluorescent pseudomonad strains, 3 strains
(BFPBY, FP12 and FP13) have been identified as phosphate
solubilizers based on their ability to solubilize tri-calcium
phosphate Caz(PO,), by the formation of visible dissolu-
tion halos on Pikovskaya’s agar (Fig. 1; Table 2).

Time courses of growth and estimation of soluble
phosphate

The liberation of soluble phosphate after 10 days was
estimated to be 33 pg ml~' for strain BFPBY, 74 pg ml~'
for strain FP12 and 63 pg ml~! for strain FP13 (Table 3).
The initial pH of the medium was 7.0. Due to the microbial
production of organic acids, the decrease of pH in the
culture medium from 6.7 to 5.9 by BFPBY, from 6.5 to 5.0
by FP12 and from 6.6 to 5.3 by FP13 was observed
(Table 3).
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Fig. 1 Phosphate solubilization and other traits of strain BFPB9. a
Phosphate solubilization on Pikovskaya’s agar medium, b proteolytic
activity on skim milk agar, ¢ cellulase production on M9 medium agar
amended with cellulose (10 g 17') yeast extract (1.2 g 1”") and congo

red (0.02%), d production of HCN on KB agar supplemented with
glycine (4.4 g 17") as indicated by the discoloration of the filter paper
when incubated with picric acid (0.5%) and sodium carbonate (2%)

Table 2 Plant growth promoting and biocontrol traits of phosphate solubilizing fluorescent pseudomonad strains

Strains Plant promoting Biocontrol traits Antifungal phytopathogenic fungiactivity towards
traits growth
Phosphate IAA Siderophore Protease Cellulase HCN
solubilization
P. aeruginosa + +  + + + + Cy.f, Cy.s, S.0, R.s, B.c, M.p, P.t, Cf, C.c, C.g
(BFPBY)
P. plecoglossicida + + + + — — Cy.f, Cy.s, S.0, R.s, B.c, M.p, P.t, C.f, C.c, C.g, M.g,
(FP12) F.o.c, F.o.v.
P. mosselli (FP13) + + + + — — Cy.f, Cy.s, S.0, R.s, B.c, M.p, P.t, C.f, C.c, C.g, M.g,
F.o.c, F.o.v.

(+) presence; (—) absence of traits
IAA Indole-3-acetic acid; HCN Hydrogen cyanide

Cy.f., Cylindrocladium floridanum; Cy.s., Cy. scoparium; S.o., Sarocladium oryzae; R.s., Rhizoctonia solani; B.c., Botrytis cinerea; M.p.,
Macrophomina phaseolina; P.t., Pestalothia thea; C.f., Colletotrichum falcatum; C.c., C. capsici; C.g., C. gleosporoides;M.g., Magnaporthe
grisea; F.o.c., Fusarium oxysporum f.sp. cubense; F.o.v., F. oxysporum f.sp. vasinfectum

Determination of siderophore, indole-3-acetic acid
(IAA), protease and cellulase

All strains tested positive for the production of siderophore,
TAA and protease. Strain BFPB9 also produced cellulase
and HCN (Fig. 1; Table 2).

Test for antagonism

All three phosphate solubilizing strains showed a broad-
spectrum antifungal activity against phytopathogenic fungi
used in the study. Strains induced growth-free inhibition
zones (diameter) ranging from 10 to 36 mm towards phy-
topathogenic fungi (Table 4).

Detection of antibiotic genes by PCR and production
of antifungal metabolites

When genomic DNA was used as template, reference
strains P. fluorescens Pf 5 and P. fluorescens CHAO
showed the amplification of DAPG (745 bp), PRN
(786 bp) and PLT (779 bp) genes. Similarly, reference
strains P. fluorescens 2-79 and P. aeruginosa amplified

PCA (1,100 bp) and PCN (2,000 bp) genes, respectively.
Reference strain P. aeruginosa PAOI also amplified PCN
as expected. The negative control strain P. stutzeri MTCC
863 did not amplify any genes as expected. Though all the
three test strains (BFPB9, FP12, FP13) showed antifungal
activity against phytopathogenic fungi they did not show
the presence of DAPG, PRN, PLT, PCA and PCN genes
when tested in PCR using the gene-specific primers. Strain
BFPB9 showed the presence hcnBC gene as indicated in
the PCR (587 bp) (Table 5). Consequently, when the
strains were tested for the production of antifungal
metabolites in the fermentation broth, the ethyl acetate
extracts did not show antifungal activity. Subsequently, the
absence of known antifungal metabolites such as DAPG,
PCA, PCN, PRN and PLT was confirmed by HPLC.

Production of hydrogen cyanide (HCN)
Of three strains, BFBP9 showed the production of HCN as
indicated by the discoloration of the filter paper from

orange to brown when incubated with picric acid (0.5%)
and sodium carbonate (2%) (Fig. 1).
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Table 5 Detection of antibiotic genes using gene-specific primers

Strains Antibiotic genes and PCR product size (bp) henBC

587

DAPG (745) PCA (1100) PCN (2000) PRN (786) PLT (779) 87

P. fluorescens Pf 5 + — — + + _

P. fluorescens CHAO + - — + + +

P. fluorescens 2-79 - + — — — _

P. aeruginosa PAO1 — — + — - —

P. stutzeri MTCC 863 — -
BFPB9 - -
FP12 - -
FP13 — —

DAPG 2,4,-diacetylpholoroglucinol; PCA phenazine-1-carboxylic acid; PCN phenazine-1-carboxamide; PRN pyrrolnitrin; PLT pyoluteorin; hcn

hydrogen cyanide; (+) presence; (—) absence of the gene

P. fluorescens (D84013)

P. putida (AB021412)

P. putida (D84020)

P. fulva (D84015)

P. plecoglossicida (DQ095907)
P. monteilii (AB021409)

P. plecoglossicida (AB009457)
FP 12

BFPB 9

P. aeruginosa (Z76651)

FP 13

P. mosselli (AF072688)

Fig. 2 Phylogenetic tree analysis of phosphate solubilizing strains,
BFPBY9, FP12 and FP13 based on the nucleotide sequence of 16S
rRNA gene. The branching pattern was generated by the neighbour-
joining (NJ) method. Bootstrap probability values are indicated at
branch-points (tree re-sampled for 1,000 times). Accession numbers
are indicated in parentheses

16S rRNA gene amplification, sequencing and
phylogenetic tree analysis

The 16S rRNA gene amplicons (1.5 Kb) were amplified
using universal primers, fD1 and rP2 and sequenced using
the facility at Macrogen (Seoul, Korea). The sequences of
the strains BFPB9, FP12 and FP13 were deposited with
accession number EF600807, DQ201403 and DQ201404,
respectively in NCBI GenBank database. The 16S rRNA
nucleotide sequence and phylogenetic analysis revealed the
identification of BFPB9 as Pseudomonas aeruginosa (99%
similarity), FP12 as P. plecoglossicida (99% similarity)
and FP13 as P. mosselii (99% similarity) (Fig. 2).

Discussion
Role of fluorescent pseudomonads in agriculture has been a

matter of interest due to their abundant population in plant
rhizosphere and their innate biocontrol properties and plant

growth promoting abilities. In the present investigation,
new phosphate solubilizing strains of fluorescent pseudo-
monads have been reported and their functional
characteristics have been determined. The 16S rRNA gene
characterization and subsequent phylogenetic tree analysis
confirmed the identification of phosphate solubilizing
strains as Pseudomonas aeruginosa (BFPB9), P. pleco-
glossicida (FP12) and P. mosselii (FP13).

Plant growth is often limited by insufficient phosphate
availability. The low solubility of common phosphates
such as Ca3z(PO,),, hydroxyapatite and aluminium phos-
phate cause low phosphate availability in agricultural soil.
Several species of fluorescent pseudomonads such as
P. fluorescens NJ101 (Bano and Musarrat 2004), P. fluo-
rescens EM85 (Dey et al. 2004), P. aeruginosa (Musarrat
et al. 2000), Pseudomonas spp. (Lehinos and Vacek 1994;
Lehinos 1994), P. chlororaphis, P. savastanoi, P. pickettii
(Cattelan et al. 1999), P. lutea OK2 (Peix et al. 2004),
P. rhizophaerae LMG 21640, P. graminis DSM11363
(Peix et al. 2003), P. striata (Gaind and Gaur 2002) and
P. corrugata (Pandey and Palni 1998) have been reported
as phosphate solubilizers. In the present investigation,
fluorescent pseudomonad species such as P. aeruginosa,
P. plecoglossicida, P. mosselii have been reported as
phosphate solubilizers. A significant decline in the pH of
the culture medium by strains reported in this study was
observed during mineral phosphate solubilization, which
suggested the microbial production of organic acids as
reported earlier (Illmer and Schinner 1995; Chen et al.
2006; Pandey et al. 2006). Although phosphate solubili-
zation is not necessarily correlated with acidity, from the
data presented in this study, relationship could be ascer-
tained between the acidity of medium and the release of
soluble phosphates.

Production of phytohormone, IAA by all the strains
reported in this study was observed. IAA is known to have
dual role in influencing plant growth, by involving in the
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biocontrol together with glutathione-s-transferases in
defence-related plant reactions and inhibits the germination
of spore and growth of mycelium of different pathogenic
fungi. Indole-3-ethanol, the IAA analogue is also known to
exhibit antifungal activity (Brown and Hamilton 1993).
Siderophores are low-molecular weight, iron-chelating
ligands synthesised by microbes. Siderophores helps a
particular microorganism to compete against fungal
pathogens for available iron and the role of siderophores in
control of diseases has been well documented (Baker et al.
1986). Mycelial growth suppression and inhibition of spore
germination were the primary effects of antagonistic
strains. All three phosphate solubilizing strains reported in
this study exhibited a broad-spectrum antifungal activity
against major phytopathogenic fungi that attack important
agricultural crops such as rice, groundnut, tobacco, tea,
sugarcane, chilli, mango, banana and cotton. PCR and
HPLC analyses revealed the absence of antibiotic genes or
metabolites such as DAPG, PCA, PCN, PRN and PLT in
all three strains. However, the antifungal potential of
strains, FP12 and FP13 may be due to the production of
protease, IAA and siderophore. In addition to the produc-
tion of protease, IAA and siderophore, strain BFPB9 also
showed the presence of hcnBC genes and the production of
HCN. Microbial production of HCN has been reported as
an important antifungal trait to control root infecting fungi
(Ramette et al. 2003). Strain BFPB9 also exhibited the
production of cellulase. Agricultural crop residues applied
as cellulosic biomass (cellulose and hemicellulose) contain
55-75% carbohydrates (Mosier et al. 2005). It was reported
that phosphate solubilizing bacteria with cellulolytic
activity enhanced the mineralization and decomposition of
crop residues (Hameeda et al. 2006). Due to the potential of
solubilizing the mineral phosphates, production of phyto-
hormones and broad-spectrum antifungal activity against
phytopathogenic fungi strains BFPB9, FP12 and FP13
reported in this study may be considered as inoculants for
soil fertility, plant growth and plant protection.
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