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ABSTRACT

Biological control of crop diseases and pests using microbial inoculants is being increasingly recognized as a viable, eco-friendly
alternative that limits the use of chemical pesticides. A variety of microorganisms inhabit the rhizosphere, and among those certain strains
of fluorescent pseudomonads have received much attention because of their potential to function as biological agents for the control of
soil-borne pathogenic fungi that cause a number of diseases in crop plants. A number of strains of Pseudomonas fluorescens were isolated
from the soil rhizosphere and other sources with a view to use them as biological control agents for different crops. The genetic diversity
of P. fluorescens strains was assessed by two PCR-based molecular techniques, RAPDs and Rep-PCR. Both methods effectively assessed
the diversity of the 15 P. fluorescens isolates. Though clustering of the various isolates into different groups was not similar, the unique-
ness one of the isolates, Pf-6, was demonstrated by the formation of a separate group in both methods. Rep-PCR appears to be more
consistent and reliable for diversity assessment as the PCR primers are targeted to a specific region unlike RAPDs, which uses shorter

oligonucleotide primers.
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INTRODUCTION

Biocontrol agents are emerging as an important component
of integrated pest management (IPM) practices in many of
the crops. Biological control of diseases and pests of crops
using microbial inoculants is receiving increased attention
as an environmentally friendly alternative to the use of che-
mical pesticides (Fenton er al. 1992; Cook et al. 1996;
Sharifi-Tehrani et al. 1998). Exploitation of beneficial
plant-microbe interactions in the rhizosphere can result in
the promotion of plant health and have significant impli-
cations for low input sustainable agriculture applications
such as biocontrol. Bacteria such as Bacillus and Pseudo-
monas, and fungi such as Trichoderma, have been deve-
loped as commercial biocontrol products (Keel ez al. 1996;
Haas and Défago 2005).

A variety of microorganisms inhabit the rhizosphere,
and among those certain strains of fluorescent pseudomo-
nads have received particular attention because of their
potential to function as biological agents for the control of
soil-borne pathogenic fungi and oomycetes that attack
plants roots and cause considerable damage to crops world-
wide (Raaijmakers et al. 1997; Gardener et al. 2000; Landa
et al. 2002; de Souza et al. 2003; Ramette et al. 2003;
Weller et al. 2007). A wide range of important fungal dis-
eases in different crops such as root-rot of pea, tobacco and
wheat, some root-associated fluorescent Pseudomonads
produce and excrete secondary metabolites which are inhib-
itory to plant-pathogenic rhizosphere inhabitants, including
fungi, bacteria, and nematodes (Haas and Keel 2003). The
understanding of these molecular signaling processes and
the functions they regulate is fundamental to promoting
beneficial microbe-plant interactions, to overcome existing
limitations and to designing improved strategies for the
development of novel Pseudomonas biocontrol inoculants
consortia (Mark et al. 2006). More recently, the develop-
ment of molecular techniques has yielded innovative alter-

native tools for understanding and demonstrating the me-
chanisms underlying biocontrol properties (Massart and
Jijakli 2007).

The production of antimicrobial secondary metabolites
often represents a key factor in their ability to protect plant
roots from fungal soil-borne diseases (Keel ef al. 1992;
Dowling et al. 1994; Sarniguet et al. 1995). It is important
to identify the pathogens prevalent in the soil for the crop
concerned and identify the enemies that will kill the patho-
gen (Ramette et al. 2006). There are many ways of en-
riching the soil microflora with the invasive and beneficial
bacteria or fungi which will colonize on the pathogens in
question or release chemical components that will not allow
the pathogens to multiply. Many plant growth-promoting
rhizobacteria (PGPR) which support plant growth in dif-
ferent ways. First, they prevent the multiplication of phyto-
pathogens by secreting some chemicals in the soil and also
produce certain other chemical substances that stimulate
plant growth by making available certain nutrients like Fe,
P, etc. in the plant rhizosphere.

The root-colonizing fluorescent pseudomonads produce
a diversity of metabolites extracellularly with antimicrobial
activity, some of which have a determinative role in disease
suppression (Thomashow and Weller 1995; Haas and Keel
2003: Haas and Défago 2005). Antibiotic compounds pro-
duced by fluorescent Pseudomonas strains play key a role in
the suppression of various soil-borne plant pathogens
(Schnider et al. 1995; Thomashow et al. 1995; Sharifi-The-
rani et al. 1998). Some PGPR can also produce enzymes
that can lyse fungal cells. For example, P. stutzeri produces
extra cellular chitinase and laminarinase, which could lyse
the mycelia of F. solani. Some other PGPR synthesize anti-
fungal antibodies, e.g. P. fluorescens produces 2, 4-diacetyl
phloroglucinol, which inhibits growth of fungi (Nowak-
Thompson et al. 1994).

The important antibiotic compounds for which a major
contribution to biocontrol has been demonstrated include 2,
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4-diacetylphloroglucinol (DAPG), pyoluteorin, phenazines,
pyrrolnitrin, cyclic lipopeptides, and hydrogen cyanide
(Haas and Keel 2003; Haas and Défago 2005). In general,
effective biocontrol pseudomonads produce at least one of
these diffusible or volatile antibiotics. Some strains, such as
P. fluorescens HAO and Pf-5, produce multiple antibiotics
with overlapping or different degrees ofactivity against spe-
cific pathogens (Haas and Défago 2005).

The diversity of pseudomonads present in the soil also
depends on the crop in the field and the type of metabolites
that produce to arrest of the pathogens. Further differenti-
ation within the same class of pseudomonads based on the
chemical component can be done with the help of molecular
markers. Many molecular methods are used to detect the
presence of soil-borne pathogens and also to assess the
genetic variability among the different isolates (Mavrodi et
al. 2001; Kumar et al. 2002). Application of molecular
marker techniques has been useful for studying the genetic
changes in the pathogen populations. Promising biocontrol
pseudomonads may be identified functionally based on
amplified ribosomal DNA restriction analysis (ARDRA)
fingerprints (O’Sullivan et al. 1992; Gardener et al. 2000;
Guo et al. 2007; Tran et al. 2008). In another study, Picard
et al. (2000) differentiated 64 genotypes based on random
amplified polymorphic DNA (RAPD) from a single
ARDRA group of phlD-containing isolates from the roots
and rhizosphere of maize. Of the several molecular markers,
amplified fragment length polymorphism (AFLP) has been
found to be a better method for detecting genetic variability
among fungal pathogens (O’Neill et al. 1997). Gardener et
al. (2000) identified 13 and 15 genotypes by BOX-PCR and
Enterobacterial repetitive intergeneric consensus (ERIC)-
PCR, respectively, in a collection of phlD-containing strains.
A pair of sequence characterized amplified region (SCAR)
primers specific to P. fluorescens Pf29A was described by
Chapon et al. (2003).

A method referred to as rep-polymerase chain reaction
(rep-PCR) is a specific bacterial genomic fingerprinting
technique that is extremely reliable, reproducible, rapid and
highly discriminatory for differentiation of bacterial isolates
species, subspecies and strain level. When primers designed
against these sequences are used in PCR, the reactions are
termed Rep-PCR, Eric-PCR and Box-PCR and collectively
they are referred to as Rep-PCR. Fractionation of the PCR
products yields a complex fingerprinting pattern with which
the bacterial isolates could be differentiated (Rademaker
and de Bruijn 1997). Rep-PCR fingerprinting makes use of
DNA primers complementary to naturally occurring highly
conserved DNA sequences, present in multiple copies in the
genomes of most Gram—negative and several Gram—posi-
tive bacteria.

In the present investigation, 15 field and commercial
isolates of P. fluorescens from fields having major legume
and oilseed crops of research interest were genetically cha-
racterized using two PCR-based molecular methods, i.e.
RAPD and rep-PCR. The various isolates were grouped
based on the polymorphic pattern obtained with the two
techniques.

MATERIALS AND METHODS
Chemicals

All the chemicals used in this project were of molecular biology
grade. Tris, CTAB, Proteinase K and Agarose were obtained from
Sigma Chemical Co. (USA), dNTPs from GE Healthcare (USA)
and Tag Polymerase from Genei (Bangalore, India). Standard solu-
tions and buffers were prepared according to the procedures given
by Ausubel et al. (1999).

Bacterial strains
The different P. fluorescens isolates were collected from various

agricultural research stations of ANGRAU growing on different
crop plants (Table 1). The strains were purified as described by

Table 1 Source of Pseudomonas fluorescens used.
P. fluorescens strain Crop grown

Pf-1-3 Tomato

Pf-4-6 Brinjal

P£-7-9 Chilli
Pf-10,11,15 Sunflower
Pf-12-14 Multiple crops

Johnson and Curl (1972). Isolates Pf-1 to Pf-11 were obtained
from Shamshabad, Ranga Reddy District, Pf-12 from Agnee Co.,
Hyderabad, Pfl13 from the Directorate of Biological Control,
Bangalore, Pf-14 from Sree Ram Biotech, Hyderabad and Pf-15
from Directorate of Oilseeds Research, Rajendranagar.

Bacterial genomic DNA isolation

Genomic DNA was isolated following the method of Ausubel e al.
(1999). Six ml of bacterial culture grown overnight for 16-18 hr
was used for isolation. The culture was centrifuged in a 1.5 ml
Eppendorf tube for 2 min at 10,000 rpm. The pellet was
resuspended in 0.567 ml of TE buffer by repeated pipetting. To
this suspension 30 pl of 10% SDS and 3 pl Proteinase K (20
mg/ml) were added, mixed well and incubated at 37°C for 1 h
followed by addition of 100 ul of 5 M NaCl. To this mixture 80 pl
of CTAB (10%) and NaCl (0.7 M) solution was added, mixed well
and incubated at 65°C for 10 min. Equal vol of phenol/chloroform
was added, gently mixed and centrifuged at 12,000 rpm for 7 min.
The upper phase was taken to a fresh 1.5 ml tube, equal volume of
chloroform: isoamyl alcohol (24: 1) was added, mixed well and
centrifuged at 12,000 rpm for 5 min. This step was repeated twice.
Finally, the supernatant was taken in a fresh 1.5 ml tube and the
DNA was precipitated with 0.6 vol of isopropanol. After
incubation at room temperature for 30 min, it was centrifuged at
12,000 rpm for 7 min to pellet the DNA. The supernatant was
decanted. The pellet was washed with 70% alcohol twice, air-dried
and dissolved in TE [10 mM Tris-HCI, 1 mM EDTA, pH 8.0].

DNA samples were quantified by running on agarose gels
along with standard DNA and staining with ethidium bromide.
Samples were mixed with appropriate amount of 6X loading dye
and electrophoreses on 0.8% agarose gel along with varying
concentrations of . DNA (New England Biolabs, USA). The
ethidium bromide stained gels were placed on a UV
transilluminator (Syngene, USA) and visual comparisons were
made with the standards to estimate the DNA concentration in
samples.

Analysis of data for RAPD and Rep-PCR
1. RAPD analysis

RAPD analysis was performed following the method of Williams
et al. (1990) with necessary modifications. A total number of 40
primers (OPA and OPC) supplied by Operon Technologies, USA
were used in this study. Genomic DNA (25-50 ng/ul) of the P
fluorescens isolated was used as template and PCR amplification
was performed in a 20 pl reaction mixture containing 2 pl tem-
plate, 2 ul of 10X PCR buffer, 2 mM MgCl,, 0.2 mM dNTPs, 1 pl
(10 pmol) RAPD primer, 1 U Tag Polymerase (Genei, Bangalore).
PCR reaction was carried out in a DNA thermocycler (Eppendorf,
Germany) with a heated lid. The amplification conditions were as
follows: Initial denaturation at 94°C for 5 min followed by 30
cycles of denaturation at 94°C for 45 sec, annealing at 37°C for 45
sec and extension at 72°C for 1 min. A final extension at 72°C was
carried out for 8 min. After PCR, the samples were loaded onto a
1.5% agarose gel along with standard markers of 100 bp and 1 Kb
ladders (New England Biolabs, USA).

2. Rep-PCR analysis

In rep-PCR three families of repetitive sequences have been used,
including the repetitive extragenic palindromic (REP) sequence,
enterobacterial repetitive intergenic consensus (ERIC) and BOX
element elements (Lupski ef al. 1992). Rep-PCR fingerprinting is
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Table 2 Primers used in Rep-PCR.

Primer Sequence (5'-3') Number of bases Recommended annealing temp (°C)
BOXA1 R CTACGGCAAGGCGACGCTGACG 22 52
ERICR TGTAAGCTCCTGGGGATTCAC 21 53
ERICF AAGTAAGTGACTGGGGTGAGCG 22 53
REPR IICGICGICATCIGGC 18 46
REPF ICGICTTATCIGGCCTAC 18 46

a highly reproducible and simple method to distinguish closely
related microbial strains, to deduce phylogenetic relationships and
to study their diversity in different ecosystems (de Bruijn et al.
1992). Three families of repetitive sequences have been studied in
most detail, including the 35-40 bp repetitive REP sequence, thee
124-127 bp ERIC sequence and the 154 Box element (Versalovic
et al. 1994). The corresponding protocols are collectively referred
to as rep-PCR. The primers are given in Table 2 where I is Inosine
and were modified from those of de Bruijn ez al. (1992). Primers
ERIC R and ERIC F were as described by de Bruijn et al. (1992).
Primer BoxA1R was as described by Louws et al. (1994). PCR
amplification was performed based on Lupski ez al. (1992) in a 20
ul reaction mixture containing 2 pl template, 2 pl of 10X PCR
buffer (Genei, Bangalore), 2 mM MgCl,, 0.2 mM dNTPs (GE
Healthcare, USA), 1 pl (10 pmol) of each forward and reverse pri-
mer and 1 U of Tag Polymerase and 25-50 ng of bacterial genomic
DNA. PCR was performed in a Master Cycler (Eppendorf, Ger-
many). The amplification conditions were as follows: Initial dena-
turation at 94°C for 3 min followed by 45 cycles of denaturation at
94°C for 25 sec, annealing at 52°C for Box A1R and ERIC pri-
mers Box A1R and ERIC primers for 1 min and at 38°C for Rep
primers, and extension at 72°C for 1 min. A final extension at
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M1 C 1 2 3 4 5
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1000

500

72°C was carried out for 8 min. To confirm the repeatability of the
results, these PCR experiments were repeated at least three times
with two sets of independently isolated bacterial genomic DNA of
each bacterial isolate. The amplicons were visualized under UV
light after staining with ethidium bromide.

Data analysis

The experiments were repeated a minimum of three times to con-
firm the banding pattern and only those consistent bands on the
gels were scored for data analysis. The gels were scored for the
presence (1) or absence (0) of the corresponding band in the dif-
ferent local isolates. A score of ‘1’ was given for the presence and
‘0’ for the absence of bands. The binary data generated was ana-
lyzed for genetic similarity using unweighted pair group arithmetic
mean (UPGMA) program of NTSYSpc software, v. 2.11. The
dendrograms obtained served as the basis for assessing the genetic
relatedness of the P, fluorescens strains within the species.

RESULTS AND DISCUSSION

In the present work a total of 40 oligonucleotide primers

7 8 9 10 1 12 13 14 15

Fig. 1 Agarose gel electrophoresis pattern of P. fluorescens DNA amplified with oligonucleotide primers in RAPDs. (A) OPA-7 ad (B) OPA18. PCR
was carried out as described in the Materials and Methods and the amplicons were separated on 1% agarose gel in TAE buffer and viewed after ethidium
bromide staining on a transilluminator. Lanes 1-15: Bacterial isolates Pf-1 to Pf-15 as indicated in Table 1. Lane M1; 1 Kb DNA ladder. Lane C: PCR

control reaction with no DNA template.
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Fig. 2 Dendrogram based on similarity index data derived from the
RAPD marker analysis on bacterial isolates Pf-1 to Pf-15. The dendro-
gram was constructed based on the RAPD marker data obtained with the
15 P. fluorescens isolates by UPGMA method as described in the Mate-
rials and Methods.

were used in RAPDs and 26 were found to be polymorphic.
A representative agarose gel pattern obtained on RAPDs
with two oligonucleotide primers is shown (Fig. 1A, 1B).
The number of DNA bands amplified varied from 2-10 with
each primer and the level of polymorphism was mostly
100% in all cases. The amplified DNA fragments ranged
from 300-6,500 bp. The number of polymorphic loci am-
plified varied with the different primers and isolates.

All the bands were scored for their presence and ab-
sence in the 15 bacterial isolates and a similarity matrix was
constructed using the UPGMA program. Cluster analysis
carried out based on the similarity data generated from the
15 isolates using the 26 primers accounted for a total of 160
polymorphic DNA bands. The various P. fluorescens iso-
lates were divided into 5 major classes (Fig. 2). Three of the
isolates i.e. Pf-6, Pf-14 and Pf-7 formed three separate
groups by themselves. The other two major classes consis-
ted of different subgroups with Pf-7 and Pf-5 isolates, res-
pectively. The similarity among these standard isolates
ranged from 0.42 to 0.95.

A high level of polymorphism was seen in PCR with the
REP, ERIC, and BOX set of primers (Fig. 3A-C). The num-
ber of DNA bands generated by PCR with the above-men-
tioned three primers varied in size from 300-6,500 bp and
also in the total number of bands seen. The total number of
polymorphic DNA bands seen in this method was almost
similar to that observed with RAPDs. The percentage poly-
morphism with the three primers was 100% with REP and
BOX primers but only 86% with the ERIC primer. A few of
the bacterial isolates showed unique bands indicating the
ability of Rep-PCR to distinguish many of the isolates.

All the bands were scored for their presence and ab-

sence in the 15 bacterial isolates and a similarity matrix was
constructed using the UPGMA program. The dendrogram
obtained from the combined data from all three primer sets
indicated that the similarity among these standard isolates
ranged from 0.42 to 0.95 (Fig. 4). Three major groups were
seen with the 15 isolates and Group I contained Pf-12 and
Pf-6, Group II Pf-13 and Group III 12 different isolates in a
number of subgroups.

Biological control of plant pathogens has stimulated
much interest in recent years with the growing trend in agri-
culture towards greater sustainability and public concern of
the use of hazardous pesticides. There is now unequivocal
evidence that toxic chemicals and antibiotics play a key role
in the suppression of various soil-borne plant pathogens by
antagonistic microorganisms. Among the variety of micro-
organisms inhabiting the rhizosphere, certain strains of fluo-
rescent Pseudomonads have received special attention due
to their potential as biological agents for the control of soil-
borne pathogenic fungi and oomycetes that attack crop
plants (Keel and Défago 1996; Haas and Défago 2005:
Weller 2007). The fluorescent Pseudomonads colonize the
roots and produce a diversity of extracellular metabolites
with antimicrobial activity, some of which have a specific
role in disease suppression (Thomashow and Weller 1995;
Haas and Keel 2003). Genetic variability exists among the
various isolates of Pseudomonads depending on the geogra-
phical locations from where these were collected, crops
grown in a specific region and the agricultural practices em-
ployed in the location (Picard and Bosco 2008).

DNA-based (genotypic) approaches (Saharan and Naef
2008; Schiitte et al. 2008) have increasingly been applied to
microbial identification and classification. In fact, these
molecular approaches have resulted in the birth of a new
ecology subspecialty. Generally, these methods tend to be
dependent on bacterial growth variables, more stable, less
time-consuming and are very useful for determining phylo-
genetic relationships among microbial isolates and for
assigning strains into specific groups.

Biocontrol agents have been differentiated based on
secondary metabolites (Haas and Keel 2003; Haas and
Défago 2005; Couillerot 2009) and within subspecies using
the latest biotechnological methods (Manceau and Harvais
1997; Picard et al. 2000). Cellular protein profiles have
been used to differentiate various P. fluorescens collected
from different crop fields (Shanmugam et al. 2008). PCR-
based methods such as RAPDs and those using ITS primers
have been extensively used (Kumar et al. 2002; Walsh ef al.
2003; Tran et al. 2008). The genomic fingerprinting method
employed is based on the use of DNA primers correspon-
ding to naturally occurring repetitive elements in bacteria,
such as the REP, ERIC and BOX elements, and the PCR
reaction (Rep-PCR). Rep-PCR fingerprinting is a highly
reproducible and simple method to distinguish closely
related strains, to deduce phylogenetic relationships between
strains, and to study their diversity in a variety of ecosys-
tems (Versalovic et al. 1994; Naik et al. 2008a, 2008Db).

The similarity data obtained with RAPD primers iden-
tified 5 major groups by cluster analysis, three of which had
only a single isolate. The grouping does not appear to be
based on geographic origin as Pf-6 and Pf-7 were from the
same district but not from the same field. The commercial
isolates Pf-14 and Pf-12 were in the same group but Pf-15
was grouped with a number of other isolates. The genotypic
and phenotypic diversity of P. flourescens could be based
on the geographic origin or functional differences in the
genome of the strains (Naik ef al. 2008a; Silby et al. 2009).
RAPDs are able to differentiate a large number of isolates
and with the use of more primers it may be possible to get
unique bands that can be used for fingerprinting and protec-
ting commercial P. fluorescens isolates. It is important to
combine molecular diversity with the antibiotic-producing
property of the isolates to properly identify the different
strains prevalent in crop fields.

The rep-PCR profiles P. fluorescens strains indicated
that with this technique each set of subspecies could be
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Fig. 3 Agarose gel electrophoresis pattern of P. fluorescens DNA amplified with oligonucleotide primers in rep-PCR. (A) REP, (B) ERIC and (C)
BOXAIR. PCR was carried out as described in the Materials and Methods and the amplicons were separated on 1% agarose gel in TAE buffer and viewed
after ethidium bromide staining on a transilluminator. Lanes 1-15: Bacterial isolates Pf-1 to Pf-15. Lane M1: 1 Kb DNA ladder. Lane C: PCR control

reaction with no DNA template.

easily distinguished as they gave unique profiles with each
primer set. This technique thus could be used to identify the
subspecies to which each of the isolates belonged which
was not the case with RAPDs.

The grouping of the 15 isolates obtained by RAPD
analysis and Rep-PCR were different. However, isolate Pf-6
was separated from the others in both methods suggesting
the uniqueness of this isolate. Though the other two isolates
Pf-4 and Pf-5 were isolated from the brinjal growing soil
Pf-6 appeared to be unique which only points to the ecolo-
gical variation among the different fields where other crops
could have been grown in different seasons contributing to
such differences. Such molecular methods help to identify
novel strains of pseudomonads which will be more effective
as biocontrol agents in a particular region and for specific
pathogens as was reported for black rot of tobacco (Thiela-
viopsis basicola) (Ramette et al. 2006). Though both
methods could distinguish the 15 isolates, Rep-PCR may be
better as it is targeted to a specific region of the genome and
is highly reproducible (Binde ef al. 2009; Palencia et al.
2009; Rameshkumar and Nair 2009). Though the studies of
Shanmugam ef al. (2008) reinstated the importance of
whole-cell protein analyses in characterizing pseudomonads
and assessing their diversity, the isolates representing simi-
lar rhizospheres and geographic locations were generally
distributed into different phenotypic clusters as influenced

by unknown factors. Similarly the clustering in our studies
based on DNA also was not representing the variations in
the different fields or the crops grown.

By converting the RAPD marker into a SCAR marker it
may be possible to increase the reliability of this method
although a number of such SCAR primers need to be tested
for diversity analysis. It is important to correlate molecular
diversity with functional diversity to assess the utility of
these isolates as biocontrol agents for a particular crop in
local fields which can then be extrapolated to the same crop
in other fields or even other crops.

ACKNOWLEDGEMENTS

The authors thank all those who contributed strains used in this
study. This work was supported by funds from the AP-NL Bio-
technology Programme, Hyderabad.

REFERENCES

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA,
Streehl K (1999) Short Protocols in Molecular Biology (4" Edn), John Wiley
and Sons, Inc., New York, 1512 pp

Binde DR, Menna P, Bangel EV, Barcellos FG, Hungria M (2009) rep-PCR
fingerprinting and taxonomy based on the sequencing of the 16S rRNA gene
of 54 elite commercial rhizobial strains. Applied Microbiological Biotechno-
logy 83, 897-908



Bioremediation, Biodiversity and Bioavailability 5 (1), 10-16 ©2011 Global Science Books

Pr
Pr2
Pr3
Ps
PEII
P8
PR

PAI0
Pre
LIS

PL7

Pfl4

PLI3

| P

' PLI2

—T
0.88

—T |
0.75 100

Coefficient

[l.I50 ) ) 0.I63 )
Fig. 4 Dendrogram based on similarity index data derived from the
rep-PCR (REP, ERIC and BOX-PCR) marker analysis on bacterial
isolates Pf-1 to Pf-15. The dendrogram was constructed based on the rep-
PCR data obtained with the 15 P. fluorescens isolates by UPGMA method
as described in the Materials and Methods.

Chapon A, Boutin M, Rime D, Delalande L, Guillerm AY, Sarniguet A
(2003) Direct and specific assessment of colonization of wheat rhizoplane by
P, fluorescens pf29A. European Journal of Plant Pathology 109, 61-70

Cook RJ (1996) Assuring the safe use of microbial biocontrol agents: a need
for policy based on real rather than perceived risks. Canadian Journal of
Plant Pathology 18, 439-445

Couillerot O, Prigent-Combaret C, Caballero-Mellado J, Moénne-Loccoz Y
(2009) Pseudomonas fluorescens and closely-related fluorescent Pseudomo-
nads as biocontrol agents of soil-borne phytopathogens. Letters in Applied
Microbiology 48, 505 -512

de Bruijn FJ (1992) Use of repetitive (repetitive extragenic, palindromic and
enterobacterial repetitive intergenic consenus) sequences and the polymerase
chain reaction to fingerprint the genomes of Rhizobium meliloti isolates and
other soil bacteria. Applied and Environmental Microbiology 58,2180 -2187

de Souza JT, Weller DM, Raaijmakers JM (2003) Frequency, diversity and
activity of 2,4-diacetylphloroglucinol-producing fluorescent Pseudomonas
spp. in Dutch take-all decline soils. Phytopathology 93, 54-63

Dowling DN, O’Gara F (1994) Metabolites of Pseudomonas involved in the
biocontrol of plant disease. Trends in Biotechnology 12, 133-141

Fenton AM, Stephens PM, Crowley J, O'Callaghan M, O'Gara F (1992)
Exploitation of a gene(s) involved in 2,4-diacetylphloroglucinol biosynthesis
to confer a new biocontrol capability to a Pseudomonas strain. Applied and
Environmental Microbiology 58, 3873-3878

Gardener BB, Schroeder KL, Kalloger SE, Raaijmarkers JM, Thomashow
LS, Weller DM (2000) Genotypic and phenotypic diversity of ph/D-con-
taining pseudomonas stains isolated from the rhizosphere of wheat. Applied
and Environmental Microbiology 66, 1939-1946

Guo Y, Zheng H, Yang Y, Wang H (2007) Characterization of Pseudomonas
corrugata strain P94 isolated from soil in Beijing as a potential biocontrol
agent. Current Microbiology 55, 247-253

Haas D, Keel C (2003) Regulation of antibiotic production in root-colonizing
Pseudomonas spp. and relevance for biological control of plant disease. An-
nual Review of Phytopathology 41, 117-153

Haas D, Défago G (2005) Biological control of soil-borne pathogens by fluo-
rescent pseudomonads. Nature Reviews Microbiology 3, 307-319

Johnson LF, Curl EA (1972) Methods for Research on the Ecology of Soil-
borne Plant Pathogens, Burgess Publishing Co., MN, USA, 247 pp

Keel C, Schnider U, Maurhofer M, Voisard C, Laville J, Burger U, Wirth-
ner P, Haas D, Défago G (1992) Suppression of root diseases by Pseudo-
monas fluorescens strain CHAO: importance of the bacterial secondary meta-
bolite 2,4-diacetylphloroglucinol. Molecular Plant-Microbe Interactions 5, 4-
13

Keel C, Weller DM, Natsch A, Défago G, Cook RJ, Thomashow LS (1996)
Conservation of the 2,4-diacetylphloroglucinol biosynthesis locus among
fluorescent Pseudomonas strains from diverse geographic locations. Applied
and Environmental Microbiology 62, 552-563

Kumar NR, Arasu VT, Gunashekaran P (2002) Genotyping of antifungal

compounds producing plant growth promoting rhizobacteria Pseudomonas
fluorescens. Current Science 82, 1463-1466

Landa BB, Mavrodi OV, Raaijmakers JM, Gardener BBM, Thomashow
LS, Weller DM (2002) Differential ability of genotypes of 2,4-diacetylphlo-
roglucinol-producing Pseudomonas fluorescens strains to colonize the roots
of pea plants. Applied Environmental Microbiology 68, 3226-3237

Louws FJ, Fulbright DW, Stephens CT, de Bruijn FJ (1994) Specific geno-
mic fingerprints of phytopathogenic Xanthomonas and Psuedomonas patho-
vars and strains, generated with repetitive sequences and PCR. Applied and
Environmental Microbiology 60, 2286-2295

Lupski JR, Weinstock GM (1992) Short interspersed repetitive DNA sequen-
ces in prokaryotic genomes. Journal of Bacteriology 174, 4525-4529

Manceau C, Harvais A (1997) Assessment of genetic diversity among strains
of Pseudomonas syringae by PCR-restriction fragment length polymorphism
analysis of rRNA operons with special emphasis on P. syringae pv. tomato.
Applied and Environmental Microbiology 63, 498-505

Mark G, Morrissey JP, Higgins P, O'Gara F (2006) Molecular-based stra-
tegies to exploit Pseudomonas biocontrol strains for environmental biotech-
nology applications. FEMS Microbiology and Ecology 56, 167-177

Massart S, Jijakli HM (2007) Use of molecular techniques to elucidate the
mechanisms of action of fungal biocontrol agents: a review. Journal of
Microbiological Methods 69, 229-241

Mavrodi OV, McSpadden Gardener BB, Mavrodi DV, Bonsall RF, Weller
DM, Thomashow LS (2001) Genetic diversity of ph/D from 2,4-diacetyl-
phloroglucinol-producing fluorescent Pseudomonas spp. Phytopathology 91,
3543

Naik PR, Raman G, Narayanan KB, Sakthivel N (2008a) Assessment of
genetic and functional diversity of phosphate-solubilizing fluorescent
pseudomonads isolated from rhizospheric soil. BMC Microbiology 8, 230-
235

Naik PR, Sahoo N, Goswami D, Ayyadurai N, Sakthivel N (2008b) Genetic
and functional diversity among fluorescent pseudomonads isolated from the
rhizosphere of banana. Microbial Ecology 56, 492-504

Nowak-Thompson B, Gould SJ, Karaus J, Loper JE (1994) Production of
the 2,4-DAPG by the bio control agent Pseudomonas fluorescens Pf 5. Jour-
nal of Bacteriology 181, 2166-2174

O'Neill NR, van Berkum P, Lin JJ, Kuo J, Ude GN, Kenworthy W, Saun-
ders JA (1997) Application of Amplified Restriction Fragment Length Poly-
morphism for genetic characterization of Colletotrichum pathogens of alfalfa.
Phytopathology 87, 745-750

O’Sullivan DJ, O’Gara F (1992) Traits of fluorescent pseudomonas spp. in-
volved in suppression of plant root pathogens. Microbiology Reviews 56,
662-676

Palencia ER, Klich MA, Glenn AE, Bacon CW (2009) Use of a rep-PCR sys-
tem to predict species in the Aspergillus section Nigri. Journal of Microbio-
logical Methods 79, 1-7

Picard C, Bosco M (2008) Genotypic and phenotypic diversity in populations
of plant-probiotic Pseudomonas spp. colonizing roots Naturwissenschaften
95, 1-16

Picard C, Di Cello F, Ventura M, Fami R, Guckert A (2000) A Frequency
and biodiversity of 2,4-diacetylphloroglucinol-producing bacteria isolated
from the maize rhizosphere at different stages of plant growth. Applied and
Environmental Microbiology 66, 948-955

Raaijmakers JM, Weller DM, Thomashow LS (1997) Frequency of antibio-
tic-producing Pseudomonas spp. in natural environments. Applied and Envi-
ronmental Microbiology 63, 881-887

Rademaker JLW, de Bruijn FJ (1997) Characterization and classification of
microbes by rep-PCR genomic fingerprinting and computer assisted pattern
analysis. In: Caetano-Anollés G, Gresshoff PM (Eds) DNA Markers: Proto-
cols, Applications and Overviews, John Wiley and Sons, Inc., New York, pp
151-171

Rameshkumar N, Nair S (2009) Isolation and molecular characterization of
genetically diverse antagonistic, diazotrophic red-pigmented vibrios from dif-
ferent mangrove rhizospheres. FEMS Microbiological Ecology 67, 455-467

Ramette A, Moénne-Loccoz Y, Défago G (2003) Prevalence of fluorescent
pseudomonads producing antifungal phloroglucinols and/or hydrogen cya-
nide in soils naturally suppressive or conducive to tobacco black root rot.
FEMS Microbiology and Ecology 44, 35-43

Ramette A, Moénne-Loccoz Y, Défago G (2006) Genetic diversity and bio-
control potential of fluorescent pseudomonads producing phloroglucinols and
hydrogen cyanide from Swiss soils naturally suppressive or conducive to
Thielaviopsis basicola-mediated black root rot of tobacco. FEMS Micro-
biology and Ecology 55, 369-381

Saharan MS, Naef A (2008) Detection of genetic variation among Indian
wheat head scab pathogens (Fusarium spp. /isolates) with microsatellite mar-
kers. Crop Protection 27, 1148-1154

Sarniguet A, Kraus J, Henkels MD, Muehlchen AM, Loper JE (1995) The

sigma factor ¢° affects antibiotic production and biological control activity of
Pseudomonas fluorescens Pf-5. Proceedings of the National Academy of Sci-
ences USA 92, 12255-12259

Schnider U, Keel C, Blumer C, Troxler J, Défago G, Haas D (1995) Ampli-
fication of the housekeeping sigma factor in Pseudomonas fluorescens CHAO
enhances antibiotic production and improves biocontrol abilities. Journal of



Genetic diversity in P, fluorescens using PCR. Ravicharan et al.

Bacteriology 177, 5387-5392

Schiitte UME, Abdo Z, Bent SJ, Shyu C, Williams CJ, Pierson JD, Forney
LJ (2008) Advances in the use of terminal restriction fragment length poly-
morphism (T-RFLP) analysis of 16S rRNA genes to characterize microbial
communities. Applied Microbial Biotechnology 80, 365-380

Shanmugam V, Singh Ajit N, Verma R, Sharma V (2008) Diversity and dif-
ferentiation among fluorescent pseudomonads in crop rhizospheres with
whole-cell protein profiles Microbiology Research 163, 571-578

Sharifi-Tehrani A, Zala M, Natsch A, Moénne-Loccoz Y, Défago G (1998)
Biocontrol of soil-borne fungal plant diseases by 2,4-diacetylphloroglucinol-
producing fluorescent pseudomonads with different restriction profiles of am-
plified 16S rtDNA. European Journal of Plant Pathology 104, 631-643

Silby MW, Cerdeiio-Tarraga AM, Vernikos GS, Giddens SR, Jackson RW,
Preston GM, Zhang XX, Moon CD, Gehrig SM, Godfrey SA, Knight CG,
Malone JG, Robinson Z, Spiers AJ, Harris S, Challis GL, Yaxley AM,
Harris D, Seeger K, Murphy L, Rutter S, Squares R, Quail MA, Saun-
ders E, Mavromatis K, Brettin TS, Bentley SD, Hothersall J, Stephens E,
Thomas CM, Parkhill J, Levy SB, Rainey PB, Thomson NR (2009) Geno-
mic and genetic analyses of diversity and plant interactions of Pseudomonas
fluorescens. Genome Biology 10, R51

Thomashow LS, Weller DM (1995) Current concepts in the use of introduced
bacteria for biological disease control: mechanisms and antifungal metabo-
lites. In: Stacey G, Keen NT (Ed) Plant-Microbe Interactions (Vol 1), Chap-
man & Hall, London, UK, pp 187-236

Tran H, Kruijt M, Raaiimakers JM (2008) Diversity and activity of biosur-
factant-producing Pseudomonas in the rhizosphere of black pepper in Viet-
nam. Journal of Applied Microbiology 104, 839-851

Versalovic J, Schneider M, de Bruijn FJ, Lupski JR (1994) Genomic finger-
printing of bacteria using repetitive sequence based PCR (rep-PCR). Methods
in Cellular and Molecular Biology 5, 25-40

‘Walsh UF, Moenne-Loccoz Y, Tichy HV, Gardner A, Corkery DM, Lorkhe
S, O’Gara F (2003) Residual impact of the biocontrol inoculant Pseudo-
monas fluorescens F113 on the resident population of rhizobia nodulating a
red clover rotation crop. Microbial Ecology 45, 145-155

Weller DM (2007) Pseudomonas biocontrol agents of soil borne pathogens:
looking back over 30 years. Phytopathology 97, 250-256

Weller DM, Raaijmakers JM, Gardener BB, Thomashow LS (2002) Micro-
bial populations responsible for specific soil suppressiveness to plant patho-
gens. Annual Review of Phytopathology 40, 309-348

van der Heijden R, Jacob DI, Snoeijer W, Hallard D, Verporte R (2004) The
Catharanthus alkaloids: Pharmacognosy and biotechnology. Current Medical
Chemistry 11, 607-628

Vazquez-Flota F, Carrillo-Pech M, Minero-Garcia Y, De Lourdes Miranda-
Ham M (2004) Alkaloid metabolism in wounded Catharanthus roseus seed-

lings. Plant Physiology and Biochemistry 42, 623-628

Vazquez-Flota F, De Carolis E, Alarco AM, De Luca V (1997) Molecular
cloning and characterization of desacetoxyvindoline-4hydroxylase, a 2-oxo-
glutarate dependent-dioxygenase involved in the biosynthesis of vindoline in
Catharanthus roseus (L.) G. Don. Plant Molecular Biology 34, 935-948

Vazquez-Flota FA, De Luca V (1998) Jasmonate modulates development- and
light-regulated alkaloid biosynthesis in Catharanthus roseus. Phytochemistry
49, 395-402

Veau B, Courtois M, Oudin A, Chénieux J-C, M. R, Clastre M (2000) Clo-
ning and expression of cDNAs encoding two enzymes of the MEP pathway
in Catharanthus roseus. Biochimica and Biophysica Acta 1517, 159-163

‘Walker AR, Davison PA, Bolognesi-Winfield AC, James CM, Srinivasan N,
Blundell TL, Esch JJ, Marks MD, Gray JC (1999) The TRANSPARENT
TESTA GLABRAI locus, which regulates trichome differentiation and
anthocyanin biosynthesis in Arabidopsis, encodes a WD40 repeat protein.
Plant Cell 11, 1337-1350

Whitmer S, Canel C, van der Heijden R, Verpoorte R (2003) Longterm
instability of alkaloid production by stably transformed cell lines of
Catharanthus roseus. Plant Cell, Tissue and Organ Culture 74, 73-80

‘Whitmer S, van der Heijden R, Verpoorte R (2002) Effect of precursor feed-
ing on alkaloid accumulation by a strictosidine synthase over-expressing
transgenic cell line S1 of Catharanthus roseus. Plant Cell, Tissue and Organ
Culture 69, 85-93

Whitmer S, Verpoorte R, Canel C (1998) Influence of auxins on alkaloid
accumulation by a transgenic cell line of Catharanthus roseus. Plant Cell,
Tissue and Organ Culture 53, 135-141

Winkel-Shirley B (2001) Flavonoid biosynthesis. A colourful model for gene-
tics, biochemistry, cell biology, and biotechnology. Plant Physiology 126,
485-493

Xie DY, Sharma SB, Paiva NL, Ferreira D, Dixon RA (2003) Role of antho-
cyanidin reductase, encoded by BANYULS in plant flavonoid biosynthesis.
Science 299, 396-399

Yahia A, Kevers C, Gaspar T, Chenieux JC, Rideau M, Créche J (1998)
Cytokinins and ethylene stimulate indole alkaloid accumulation in cell sus-
pension cultures of Catharanthus roseus by two distinct mechanisms. Plant
Science 133, 9-15

Zarate R, Memelink J, van der Heijden R, Verpoorte R (1999) Genetic
transformation via particle bombardment of Catharanthus roseus plants
through adventitious organogenesis of buds. Biotechnology Letters 21, 997-
1002

Zhang F, Gonzalez A, Zhao M, Payne CT, Lloyd A (2003) A network of
redundant bHLH proteins functions in all TTG1-dependent pathways of Ara-
bidopsis. Development 130, 4859-4869



