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ABSTRACT:

The genetic diversity of plant growth-promotingatithacterial (PGPR) fluorescepseudomonads associated
with the rice Qryza sativa L.) rhizosphere was analyzed. The selected isolatre screened for plant growth
promoting properties including production of indaleetic acid, phosphate solubilization, denitriiica ability,
and production of antifungal metabolites. Furthemnd 6S rDNA sequence analysis was performed tatifgle
and differentiate these isolates. Based on 16S rB¥4uence similarity the isolates were designated a
Pseudomonas plecoglossicida (11), P.monteilii (3), P.mosselii (3), P. libaniensis (4), and P. aeruginosa (4).
Differentiation of isolates belonging to the sameup was achieved through employing different geicom
DNA fingerprinting techniques, including randomigmplified polymorphic DNA (RAPD), amplified ribosora
DNA restriction analysis (ARDRA), repetitive extrgenic palindromic (REP), enterobacterial repetitive
intergenic consensus (ERIC), and bacterial repetiBOX elements (BOX) analyses. The genetic ditersi
observed among the isolates and rep-PCR-generatgerfrinting patterns revealed that PGPR fluonesce
pseudomonads are associated with the rhizosphere of rice aatRhplecoglossicida is a dominant species. The
knowledge obtained herein regarding the genetic amdttional diversity of fluorescenpseudomonads
associated with the rice rhizosphere is usefulfaterstanding their ecological role and potentigization in
sustainable agriculture.

Keywords: Rhizobacteria, PGPR, RAPD, Fluorescpsgudomonads, PCR, finger printing.

[ INTRODUCTION

Rice is regarded as staple food crop in Asia. the growth and performance of rice in the field.
Among 60% of the world’s rice consumption, 90% Chemical applications, cultural practices, and the
alone is contributed by Asia. Caloric intake ofric  use of resistant cultivars are routine methods of
accounts between 35-60% three billion Asians [8]. improving and improvising the vyield of crop

Among a number of biotic and abiotic factors, a plants. However, resistant cultivars for every
wide range of fungal and bacterial diseases control disease and cost effective cultural practices ate n
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always possible. The available chemical similar and difficult to infer their phylogenetic

fungicides are often expensive and have adverserelationships. Biochemical and physiological
effects on human health. Arbitrary usage of variations do not specifically deduce properties of
agricultural chemicals has been implicated as the strains and are not often consistent in
profoundly lethal to beneficial rhizosphere distinguishing species relatedness [18]. In this
bacteria and a significant health hazard. Breeding regard, molecular fingerprinting techniques offer
programmes and the development of hybrid rice an attractive and reliable method for identifying
varieties are invoked for overcoming the rice yield and cataloguing related isolates. The study of

limitation by improving yield, resistance to pests

and diseases, and adaptability to diverse growing Pseudomonas spp.

conditions. Animals and humans are chaotically

affected by chemical agents that are used to understanding
persistent rhizosphere and their interface with plants, but
ecosystems pose an also for any biotechnological application [2,5].The

prevent plant diseases as their
accumulation in natural
environmental menace. Apart from showing signs

of toxicity to living organisms they also develop

phenotypic and  genotypic
and their
is vital

ecological

diversity  of
plant growth
not only for
role in the

promoting potential
their

prevalence of fluorescentpseudomonads in
rhizosphere soils of plants such as cotton, rice,

resistance to plant pathogens. Hence, there is abanana, wheat, and canola has been reported

need for environment friendly biological

approaches replacing chemicals for efficient plant
protection and crop productivity. It has long been
renowned that many naturally occurring
rhizosphere bacteria and fungi may offer a viable
substitute for the use of chemicals and are
antagonistic towards crop pathogens [6]. Thus,
Plant growth promoting rhizobacteria (PGPR)

have been shown beneficial on plant growth and [24]

health by emancipating their activity on nitrogen
fixation, production of phytohormones and
antifungal compounds, and induced systemic
resistance [7,15]. In this perspective, PGPR
fluorescent pseudomonads offer an attractive

choice as bioinoculants and biocontrol agents.
Metabolic versatility and their capabilities in
producing wide range of antimicrobial metabolites
render PGPR pseudomonads as prominent

bioinoculants in agriculture. Hence, it s
imperative to understand the genotypic diversity,
metabolic versatility and their capability to
produce a wide range of antimicrobial metabolites
that involves in plant growth promotion is
essential. Differentiation of fluorescent
Pseudomonas from non-fluorescent bacteria is
basically based on their growth on two selective
media namelyPseudomonas isolation agar and

Cetrimide agar [4]. Phenotypic characterisation
has been used for the classification of bacterta bu
these conventional
enough to distinguishing organisms that are
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[11,21,10]. More recently, [25] reported the
prevalence of genetic diversity among the PGPR
pseudomonads  isolated from sugarcane
rhizosphere. Although, several reports indicating
that pseudomonads are predominant in the
rhizosphere of rice and their inoculation can
increase the growth and yield production in the
different parts of the world. [13]. In Earlier siyd
reported  majority of  fluorescent
pseudomonads isolated from different plant
rhizosphere were able to exhibit plant growth
promotion properties irrespective of the ecological
niches. They analyzed genetic diversity of the
isolates using the RAPD, ARDRA and rDNA
sequencing and found that the isolates were
genetically diverged. Until now, less attention has
been given to the genetic diversity of PGPR
Pseudomonas that shares a common biological
control as well as plant growth-promoting
properties. Therefore, attempts were made to
analyze the genetic diversity of plant growth
promoting fluorescentPseudomonas associated
with rice crop that are cultivated in Southern
region of Tamil Nadu for past two decades.

[Il] MATERIALS AND METHODS
2.1 Isolation and Screening
Pseudomonas

Fluorescenpseudomonads were isolated from the

of PGPR

methods are not accuraterhizosphere of rice cultivated in Sholavandan

around Madurai, India. The soil was sandy clay
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loam, with physicochemical properties as follows: gelatin hydrolysis, levan production, and growth at
soil order, inceptisol; pH, 7.3; EC, 0.08 dS/m; 4°C and 42C were performed according to [3]. An
available N, 204 kg/ha; available P, 10.6 kg/ha; antibiotic sensitivity test was performed using a
available K, 148 kg/ha; organic carbon, 0.65%; pure culture of the test organism inoculated on
and CEC, 22.2 mmol/kg. Roots with adhering soil Mueller-Hinton agar. Paper disks impregnated
were homogenized in phosphate-buffered saline with a standardized concentration of individual
solutions, and then serially diluted and plated on antibiotics were added to the plates, which were
King's B medium Pseudomonas isolation agar then incubated at 3C. The size of the clearing
medium). The plates were incubated dG3fbr 24 zone was read after 18 h of incubation.

h, and colonies that fluoresced under UV light( 2.3 Fatty Acid Methyl Ester (FAME) Analysis

356 nm) were selected and further purified on the For FAME analysis, bacterial cultures were grown
same medium. on tryptic soy agar in triplicate and incubated at
28C for 24 h. Cells (50 mg wet weight) were
scraped and suspended in 1 ml of saponification
reagent in a screw-cap test tube and vortexed for
10 s. The tube was then suspended in a water bath
at 100C for 25 min, and then cooled to room
temperature. 2 ml of methylation reagent was
added and the tube was vortexed for 10 s, placed
in a water bath at 8¢ for 10 min, and then
rapidly cooled by placing it on ice. Then, 1.25 ml

2.2 Functional and Phenotypic
Characterization of FluorescentPseudomonas

Indole acetic acid (IAA) production by the
cultures was determined by the method of [19].
For determining denitrification, the culture was
inoculated into 10 ml of nitrate broth at room
temperature. On days such as 7, 14, 21, 28, and 35
2 ml of the broth was tested by adding equal

amount (5 .drops) of sulfanilic acid and alpha- of extraction buffer was added and mixed well for
naphthylamine.  Development of a red color 4 iy The aqueous lower layer was separated
indicated the reduction of nitrate to nitrite. A and discarded. To the upper organic phase, 3 ml of

microspa.tula of zinc powo!er was added to the base wash reagent was added and mixed well for 5
broth which was not showing color change. The min. The mixture was then centrifuged at 3,000

absence of a red color indicated that denitrifarati rom for 5 min. The upper solvent phase was
had occurred. The phosphate solubilizing activity .o oved  and analyzed by  gas-liquid
of the cultures was determined after growth on chromatography (Hewlett-Packard 6890
Pikovskaya's agar (H|-Med.|a, Mu'm.b.al, India) Avondale, USA) using an Ultra 2-HP capillary
plates at 3T for 72 h. Colonies exhibiting a halo column (cross-linked 5% phenyl-methyl silicone,

zone'grognd them Wgre taken as positive for 25 m, 0.22 mm: film thickness, 0.38m) and
solubilization of tricalcium phosphate [27]. For

determining antifungal activity, agar plugs (4 mm
diameter) taken from actively growing fungal
cultures, namely,Fusarium moniliformis (FM),

hydrogen as the carrier gas. FAME compounds
were detected by a flame ionization detector and
identified using Microbial Identification Software

(Version 4.5, Sherlock aerobe method and

Fusarium - oxysporum  (FO), and Rhizoctonia 1540 Library; MIDI Inc., Newark, DE, USA).
bataticola (RB) (obtained from Tamil Nadu

Agricultural University, Coimbatore, India), were 2 .4 |dentification of FluorescentPseudomonas
placed on the surface of potato dextrose agar The 16S rDNA region was amplified using a
plates. Simultaneously, cultures were streaked 3 specific forward primer (PA, 5'-
cm from the agar plug at the sides toward the edge GCATCCAAAACTACTG-3" PF, 5'-

of the petri plates. A plate inoculated with fungal TTGCTTCTCTTGAG- 3') and a reverse primer
agar plugs alone was used as a control. The plate§CR, 5-TACCTTGTTACGACTTC-3)) for
were incubated at 30 until fungal mycelia  identification of fluorescentPseudomonas. To
completely covered the agar surface in the control confirm their identity, primers designed to amplify
plate. Biochemical tests, such as fluorescence onthe region between the 16S and 32S rRNA
King's B agar, arginine dihydrolase, oxidase, intervening sequence, ITS1 forward (5'-
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AAGTCGTAACAAGGTAG-3') and ITS2 reverse  directly for constructing the phylogenetic treefwit
(5-GACCATATATAACCCCAAG-3), were the MEGA program or for calculating multiple
used. Furthermore, the 16S rDNA region was also distance matrixes. The multiple distance matrix
amplified usingPseudomonas genus-specific 16S  obtained was then used to construct phylogenetic

rRNA-F (20-mer forward, 5'-  trees using the neighbor-joining method of (Saitou
GGTCTGAGAGGATGATCAGT-3) and 16S etal. 1987). All of these analyses were performed
rRNA-R (18-mer reverse, 5'-  using MEGA v.2.1 [12].
TTAGGTCCACCTCGCGGC-3') [1,32] gene

2.7 RAPD Fingerprinting

Three different primers, namely pgs2 (5'-
GTTTCGCTCC-3"), pgs3 (5-GTAGACCCGT-3),
and pgs4 (5-AAGAGCCCGT-3"), were used for
RAPD analysis. PCR amplification was carried

primers.

2.5 Amplified Ribosomal DNA Restriction
Analysis (ARDRA)

E.coli 16S rDNA primers, forward from positions _ , , o
7 to 26 (5- AGAGTTTGATCCTGGCTCAG-3) out in a 20ul reaction mixture containing gl of
and reverse from positions 1,513 to 1,494 (5'- 10x PCR buffer (with 2.5 mM MgCIZ?, @l of 2
ACGGCTACCTTGTTACGACTT-3) [31], were MM dNTP mixture, il of each 2uM primer, 3 U
used to amplify the genomic DNA of the isolates. of Taq DNA polymerase, Bi (_)f water, and 50 ng
Amplification was performed in a DNA thermal of template DNA. The following cycle parameters
cycler (DNA Engine; MJ Research, USA). The were used: 9Z for 45 s, 28C for 60 s, and 72 )
polymerase chain reaction (50) contained 50 for 905 The total 'number of cycles was 40', with
pmol of each primer, 50 ng of genomic DNA, 1x an initial denaturation step extended to 2 min and

Taq DNA polymerase buffer, 1 U of Tag DNA a final extension time of 10 min. PCR products
polymerase (Promega, Madison, WI, USA), 0.2 were electrophoresed on an agarose gel (2%),
mM of each deoxynucleotide triphosphate, and 1.5 Staineéd in ethidium bromide solution (Qug/mi)

mM MgCI2. An expected amplicon of 1.5 kb was for 30 min, and photographed and analyzed. All
obtained from all of the isolates. These fragments PCR-RAPD reactions were repeated at least three

were digested with 15 different restriction times, and the fingerprints were compared; only
enzymes EcoRl, BamHI, Pvull, EcorRV, Hindlll those RAPD bands that appeared consistently were
Haelll, Bglll Nhel Sé)hl Pl Kpni xiral evaluated. Calculation of the pairwise coefficient

NlalV, Alul, Plil, and Dpnl). The digested of similarity was based on the presence and
' ' ’ (WIV) absence of bands, and cluster analysis was done by

native acrylamide gels, stained with ethidium the unweighted pair group method with arithmetic

bromide, and photographed and analyzed using amearl (UPGMA).  The geno.mi.c 'fingerprints
gel documentation system (Model 2000, Biorad, obtained were compared for similarity by visual

products were electrophoresed on 12%

USA) inspection of band patterns. These patterns were
_ _ converted to a two-dimensional binary matrix (1 =
2.6 Phylogenetic Analysis presence of band; 0 = absence of band). Similarity

The reference sequences required for comparisonmairices were calculated with the Dice coefficient.
were obtained from the NCBI database cjyster analysis of similarity matrices was
(http://www.ncbi.nlm.nih.gov/Genbank). The performed by the UPGMA. The goodness of the
aligned sequences were then manually checked for | stering method was assessed by calculating the
gaps in each row and saved in molecular cophenetic correlation coefficient (r). Computer

evolutionary genetics analysis (MEGA) format agsisted analysis was performed with the NTSYS-
using MEGA v.2.1 software. Pairwise pc2 program for Windows [28].

evolutionary distances were computed using the

Kimura 2-parameter model (Kimura, 1980). To 2.8 Rep-PCR-Based Genotypic Fingerprinting
obtain confidence values, the original dataset was (REP, ERIC, and BOX) Analysis

resampled 1,000 times using the bootstrap analysisRepP-PCR amplification was carried out as
method. The bootstrapped dataset was usedPreviously described [2,25] in a DNA thermal
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cycler (DNA Engine; MJ Research, USA) using plant growth promoting properties [Table. 1].
50 ng of template DNA and a 2 mM concentration Among 25 isolates all the strains from rice
of primers. The PCR amplification program for rhizosphere produced varying concentration of
REP was performed with an initial denaturation at IAA (30-640 ug/100 ml) while seventeen of them
95°C for 7 min; 30 cycles of 9€ for 1 min, exhibited denitrification activity. Of these, 14
41.8C for 1 min, and 6% for 8 min; and a final  strains exhibited all the four PGPR properties, 10
extension at 6% for 15 min and % for 5min. strains exhibited any three properties and one
ERIC PCR amplification was performed with an strain exhibited only two properties. A maximum
initial denaturation at $€ for 2 min; 30 cycles of  of 23 strains exhibited phosphate solubilizing
94°C for 1min, 52C for 1 min, and 7€ for 1 activity and an equal number of strains exhibited
min; and a final extension at @ for 10min and antifungal activity. Those strains (R4, R6, R10,
4°C for 5min. BOX-PCR analysis was performed R11, R14, R19, R24 and R25) negative for
with an initial denaturation at 96 for 7 min; 30 denitrification property still showed phosphate
cycles of 94C for 1min, 58C for 1 min, and 6% solubilizing activity. On the other hand, only two
for 8 min; and a final extension at®&5for 15 min strains (R8 and R13) that did not exhibit phosphate
and 4C for 5 min. A 1@l of PCR product was  solubilizing property were positive for
separated on 1.5% (w/v) agarose gels stained withdenitrification property and antifungal activity.
ethidium bromide in 1x TAE. The image of the Similarly, another two strains namely R14 and
gels was digitized, and computer assisted analysisR16 did not exhibit antifungal activity but
of genomic fingerprints was performed using the exhibited phosphate solubilizing activity and
BIO-GENE software programme (Version 11.02; varied in their denitrification activity. Although
Vilber Lourmat, France). Similarity matrices of strains R10 and R11 produced high concentration
the whole densitometric curves of the gel tracks of IAA (510 and 640ug/100 ml), they exhibited
were calculated using the Dice coefficient. Cluster only two PGPR properties. The strain R17
analysis of similarity matrices was performed by produced low concentration of IAA (30g/100
the UPGMA algorithm. ml), but exhibited all other PGPR properties. The
2.9 Nucleotide Sequence Accession Numbers antifungal activity of the PGPR fluorescent
The accession numbers of the 16S rRNA Pseudomonas strains was examined in a bioassay
nucleotide sequences of the 25 isolates submittedsystem employing three fungal pathogens

to GenBank are shown in [Table .1]. Fusarium  oxysporum  FOX1,  Fusarium
moniliformis FMO1 and Rhizoctonia bataticola

(1] RESULTS RBA1 growing on PDA supplemented with and

3.1 Isolation and Screening of PGPR  without FeSQ (100ug/ml). Antifungal

Pseudomonas activity was compared in the presence and absence

A total number of 150 isolates from the of iron (data not shown). Among the rice
rhizosphere of rice (R) that exhibited characterist rhizosphere strains, R15 and R21 showed
fluorescence were selected. All of the isolates antagonistic activity against all three fungal
were screened for functional properties of PGPR,; pathogens while the strains R14 and R16 did not
namely, denitrification, phosphate solubilisation, show any antifungal activity in the media with and
IAA production, and antifungal activity. Among  without iron  supplementation. In iron
them, 25 isolates that exhibited at least two sypplemented medium, 15 strains did not inhibit
properties of plant growth promotion were the fungal pathogens while 4 strains inhibited at
selected and designated as R1 toR25 [Table 1].  |east one of the fungal pathogens and another 4
strains inhibited two fungal pathogens. But in the
medium without iron supplementation, 21 strains
showed antagonistic activity against all the three
phytopathogens. These results suggested that the

3.2 Functional Characterization of PGPR
Pseudomonas

Analysis of PGPR activity of the rice rhizosphere
strains revealed a considerable variation inrthei

Nagarajan Kayalvizhi, et al. 494
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antagonistic activity of the majority of the 49) comprising four isolates oP. libanensis
bacterial isolates is siderophore-mediated [Table (namely R6, R9, R7 and R8) they shared high
1]. sequence homology with type stranlibanensis
(AF057645). On the contrary, an eleven reference
3.3 Phenotypic Characterization of PGPR bacteria such as. migulae AF 074383, P.
Pseudomonas fluorescens D84013,P. marginalis AB 021401 P.
Biochemical characterization of the sugarcane chlororaphis D84011,P.cichorri AB 021398 were
rhizosphere isolates revealed that all are Gram- giso represented in addition to other reference
negative, rod-shaped, non-spore-forming, motile strains was grouped in cluster I. The second major
organisms exhibiting catalase, oxidase, and group was formed by cluster Il comprising (13 out
arginine hydrolysis activities. They produce of 49) isolates of which 8 were reference strains
fluorescent pigments, which are able to utilize gnd 5 were isolates. Of which, one strain was
citrate, but are unable to produce indole. plecoglossicida (R9) and four wer®. aeruginosa

Furthermore, the isolates were examined for sugar(R11, R14, R12 and R13). The third group was
utilization and their antibiograms were determined formed by cluster IV (10 out of 49) isolates.

[Table 2]. Based on the above characteristics, the |nterestingly, cluster IV comprised only the rice

isolates could be identified & fluorescens. To isolates belonging to tHeputida groupnamelyP.
ascertain further the identity of the isolates, plecoglossicida andP. monteilii. Surprisingly, the
randomly selected 12 isolates were subjected t0jsplates in the cluster IV did not share sequence
FAME analysis. Nine out of 12 had the closest homology with any reference strains. The fourth
match withP. putida biotypes. Among them, three group was formed by cluster 1l (9 out of 49)
isolates, namely R6, R20, and R26, had identity jsolates. Interestingly, cluster Ill also comprised
with P. putida biotype B. However, R7 and R8 sjx isolates belonging to thé.putida group
were found to close tB. syringae. namely P. plecoglossicida, P. mosselii and P.

3.4 Analysis of 16S rRNA Gene Sequences monteilii. They shgred sequence hon.wo.logy with
the reference strains such d&montelli AB
021409, P. plecoglossicida AB 009457 andP.
mosselii AF072688. These results suggest that
genetic variation appears within the species.

16S rRNA Based Fingerprinting of PGPR
Pseudomonas. The internal transcribed spacer
(ITS) sequence in the rRNA operon of all the
selected PGPR isolates was amplified with ITS
primers. PCR of the 165-23S ITS region of all the
isolates gave only a single amplicons with an
approximate size of 560 bp and confirmed them as
genusPseudomonas. Furthermore, the 16S rDNA
region was also amplified using genus-specific
3.5 Phylogenetic Affiliation of Rice Rhizosphere primers, resulted in the expected 960 bp amplicon.
Isolates ARDRA analysis of the isolates resulted in
A phylogram of the fluorescenPseudomonas different fingerprint patterns based on the diffeere
isolates was constructed based on the UPGMA restriction enzymes. Usingmal, Alul, or NlalV, 3
with 1,000 bootstrap samplings. The analysis was to 5 fragments were recorded for all of the is@ate
performed with the sequences of 25 isolates and However, all 25 isolates produced a monomorphic
24 Pseudomonas reference isolates at the selected ARDRA pattern when digested witkmal. The
region. The phylogenetic analysis of these isolates Alul generated fingerprint also had a similar
resulted in four distinct clusters [Fig. 1]. Among banding pattern, resulting in several isolates dpein
them, cluster | formed a major group (15 out of found to be identical. However, the restriction

An approximately 1.5 kb DNA fragment was
PCR-amplified using universal primers. The
amplified product was cloned and sequenced. The
results revealed 11 of the rice rhizosphere isslate
as P. plecoglossicida, P.monteilii (3), P. mossdlii

(3), belonging toP.putida group. Whereas four
isolates identified aP.libanensis belonging toP.
fluorescens. And other four belonging to
P.aeruginosa, Thus, the 16SrDNA sequence
analysis indicated that it could be used for the
identification of fluorescentPseudomonas and
differentiation from other closely related species.
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enzymesNlalV and Plil produced an average of strainsP. monteilii (R15 and R16) were placed.
four bands that were less informative. In contrast, However, this cluster also included a strd&n
polymorphic banding patterns were observed with libaniensis (R8), a subgroup d®. fluorescens and
Haelll digested products. Analysis oHaelll- one strainP. aeruginosa (R14). The cluster IV
generated patterns resulted in the recognition of comprised of 5 strains, of which 3 strains Rf
four different ARDRA patterns, which grouped aeruginosa (R11, R12 and R13) and other two
isolates belonging to the same species together: 11strains ofP. monteilii (R23) andP. mossdlii (R10).
isolates of P. plecoglossicida, 3 isolates ofP. The last cluster 1l comprised of 4 strains (R5, R19
monteilli, 3 isolates ofP.mossdlii, 4 isolates of R20 and R21) oP. plecoglossicida, a subgroup of
P.libanensis and 4 isolates ofP. aeruginosa. P. putida (Table.3). In general, strains showed
Therefore, the fingerprints generated by Itz wide genetic variation and shared homology with
ARDRA could be used to differentiate isolates distinct groups. The pgs2 RAPD banding pattern
belonging to different groups but failed to could be employed to differentiate closely related
differentiate those belonging to the same speciesorganisms; however, it failed to give clear, precis

[Table 3]. differences among strains belonging to the same
. : o subgroup.

3.6 Genomic Fingerprinting of PGPR

Pseudomonas 3.7 REP-PCR Analysis of PGPRPseudomonas

Further, attempts were made to differentiate the REP-PCR analysis of Pseudomonas strains
isolates using whole genome fingerprinting yielded one to six distinct bands ranging from
techniques, beginning with RAPD. Initially, five approximately 0.1 to 5 kb. Differences among the
different primers were used in the RAPD assay. strains were assessed based on the banding pattern
Among them, three primers (pgs2, pgs3, and pgs4) of the PCR products. The REP-PCR analysis of
were selected for further analysis because they the rice isolates revealed a clear difference among
gave readily interpretable and reproducible results the strains belonging to the same group. The
from PCR amplification of genomic DNA. RAPD  dendrogram grouped all the 25 isolates in four
of the isolates revealed DNA bands ranging from different clusters. The two clusters namely cluste
100 to 2,500 bp. Variations were clearly observed Il and Ill comprised of equal number of strains
in the PCR products. The pgs2-amplified products each cluster comprised of seven strains in their

produced clear and distinct polymorphic bands in
greater numbers in comparison with the other two
RAPD primers. Hence, pgs2-amplified products

clusters. Interestingly, 5 out 7 strains in cludter
belong to the group of P.Putida (P.
Plecoglossicida (3), P. Monteilii(1), P. mossdlii

were used to construct the dendrogram and to (1). However, they shared more homology with
study the genetic relatedness of the PGPR strains.aeruginosa. Similarly, strains in the cluster Il also

Dendrogram analysis of pgs2-amplified products
could clearly differentiate the majority of the
isolates. For instance majority (36%) of the ssain
(9 out of 25 strains) were grouped in cluster |
which shared 60% similarity with other strains.
Three strains R6, R7 and R9 Bf libaniensis a
subgroup ofP. fluorescens, as well a?. monteilii
(R1), P. plecoglossicida (R2, R3, R18 and R25)
and P. mossdlii (R17) which are subgroup &.
putida were present in this cluster. The second
largest group was the cluster Ill, consisted of 28%
of the strains (7 out of 25 strains) with 38%
similarity. In this cluster, four strains oP.
plecoglossicida (R4, R18, R22 and R24) and two

Nagarajan Kayalvizhi, et al.

followed the same trend. The cluster | and IV
formed a minor group comprising of 6 and 5
strains in the each group. The strains in the etust

I comprised of 6 isolates among them 5 strains
belonging toP. Plecoglossicida but they shared
more than 60% similarity witP. libaniensis (R6).
Similarly, strains in the cluster 1V, four strain
P.putida shared its homology witR. aeruginosa.
Based on the results it is clear that despite the
variation among the isolates belonging to different
groups, they shared considerable similarity with
the isolates belonging to different groups. On the
contrary, they shared considerable similarity with
the isolates oP. plecoglossicida in cluster |. REP-
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PCR analysis of the isolates belonging to Ehe
fluorescens, P. libaniensis, and P. aeruginosa
groups showed variation and could be used to
differentiate them. On the other hand.
plecoglossicida isolates were distributed in all of
the clusters, suggesting that this DNA
fingerprinting profile was not very useful in
discriminating differences among the isolates
belonging to this group.

3.8 ERIC-PCR Analysis of PGPRPseudomonas
ERIC-PCR products of all of the isolates
generated a polymorphic banding pattern in
comparison with REP and BOX-PCR products.
The number of ERIC-PCR bands ranged from 2 to
10 with a unique banding profile, suggesting that
this analysis was useful for differentiating the
isolates. The dendrogram analysis of the ERIC-
PCR amplified products of R-series strains
resulted in 4 major clusters, comprising of 9 dut o
25 in cluster 1ll, 8 out of 25 strains in clustér3

out of 25 in cluster IV and 3 out of 25 in cluster
[Table.3]; Among them, 6 strains in cluster llI
were P. plecoglossicida(4), P. Monteilii(1), P.
mosselii(2) belonged tdP.putida group. However,
they shared their homology with aeruginosa (1)

and P. libaniensig(1) this conclude that although
the ERIC-PCR DNA fingerprinting could
differentiate the strains belonging same group. For
instance, cluster 1l comprised of majority of
strains belonging t&.putida group they also share
homology with strains belonging to other group.
The profile of the strains in cluster Il had DNA

ERIC-PCR products of R-strains exhibited similar
banding pattern buR. plecoglossicida strains (R5
and R22) andP. mossdii (R15 and R17) had a
different DNA fingerprint profiles. Therefore,
ERIC-PCR analysis was found to be useful to
differentiate certain strains &f putida group.

3.9 BOX-PCR Analysis of PGPRPseudomonas

The repetitive sequences in the form of BOX
elements were randomly located within the whole
genome. Using the specific primers corresponding
to termini of the BOX elements, the region
between the BOX elements was amplified. A
dendrogram constructed on the basis of BOX-PCR
products for rice rhizosphere strains grouped the
25 strains into four different clusters [Table.GF.
these four clusters, 10 strains were grouped in
cluster I, 8 strains in cluster IV, 4 strains in
cluster | and 3 strains in cluster I. In cluster I
revealed a wide range of similarity index ranging
above 50-90%. This cluster comprised of R2, R3,
R5 and R19 belonging t®. plecoglossicida, R23
and R15 belonging td®. monteilii, one strain
belonging toP. mosselii all this isolates belong to
the P.putida group. Interestingly, all these isolates
shared homology with the R7 and R9 strains
designated a®. libaniensis, and with R11 strain
belonging toP. aeruginosa. The second major
group were grouped in cluster IV comprised 8 out
of 25 strains. Nevertheless, BOX-PCR analysis
was useful to differentiate the strains belongimg t
the groupP. putida. P. mosseilli strains R10, R16
and R17 were grouped in different cluster and

bands ranging from 1 to 5 bands and was groupedtheir DNA fingerprint profile was different. This

together as showed similarity index ranging from
50-90%. The strains in the cluster Il also followed
the same trend as in cluster I. The minor groups
was formed by cluster IV (5 strains) and cluster |
(3 strains), surprisingly the strains in clustdr Il
represented only strains grouped mRputida
group. On the other hand, the strains belonging to
P. aeruginosa group clustered separately but
showed homology withP. plecoglossicida. The
DNA profile among the strains of the same group
had unique DNA fingerprint but they shared
homology with the other species. The strains
belonging toP. plecoglossicida could be clearly
differentiated based on the banding pattern. The
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facilitated to differentiate the strains oP.
mosseilli. Similarly, majority ofP. plecoglossicida
strains had unique DNA profiles that were
sufficient to differentiate the strain withire.
plecoglossicida. Similarly, R1, R15 and R23
belonging toP. putida group was also clearly
differentiated with their uniqgue DNA fingerprint
profile. These results confirmed th&. putida
group could be more efficiently differentiated by
BOX-PCR analysis.

3.10 Combined BOX-, ERIC-, and REP-PCR
Analyses

To improve the resolution of the analysis of
genetic diversity, a dendrogram was constructed
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based on combining the results from ERIC-, REP-, suppressing the soil-borne pathogens. The
and BOX-PCR DNA fingerprints. Although, prevalence of fluorescemiseudomonads in the
separate analysis of the rep sequence had its owrrhizosphere soils of plants has been reported
level of genetic resolution to differentiate the nevertheless, their genetic variability is still an
organisms, but they were not sufficient to resolve underexploited phenomenon [24]. Majority of
the genetic variation of all the strains. The PGPR organisms are known to produce
combined rep-PCR analysis resulted in the phytohormones, exhibit antifungal activity and
differentiation of the rice rhizosphere isolates phosphate solubilization properties [16,9].
belonging to the same species in the same group.Presence of siderophores in combating diseases
The dendrogram analysis revealed a clear has been studied and IAA production is regarded
differentiation of all the strains of the R-series. as an important condition for determining the
Each strain could be resolved separately and couldpromotion of plant growth and development
be differentiated from each other [Fig.2 and [21,19]. All isolates evaluated in the presentgtu
Table.3]. For example, R1 and R2 which shared invariably produced IAA at varying concentrations
75% similarity with each other but variation in the ranging from 30 to 64@wg /100 ml. In addition,
DNA fingerprint were sufficient to differentiate  they also exhibited antifungal activity, phosphate
them. The combined rep-PCR analysis of the rice solubilization, and denitrification properties.
isolates resulted in differentiation of the strains Furthermore, PGPR activity of the rice
belonging to the same species in the same group.rhizosphere depicted a considerable discrepancy in
The rep-PCR analysis of the R-series strains their plant growth promoting properties. Of these,
revealed that no strain shared more than 70% 14 strains exhibited all the four PGPR properties,
similarity except R1 and R2 suggested that all the 10 strains exhibited any three properties and one
strains from the rice rhizosphere could be strain exhibited only two properties. All the strsi
differentiated among the same subspecies. from rice rhizosphere produced varying
Analysis of these results gave more clear and concentration of IAA while seventeen of them
refined genomic variation among the isolates in exhibit denitrification activity. Although, straén
this study. Combined analysis of the isolates R10 and R11 produced high concentration of IAA
confrmed the existence of genetic diversity (510 and 64Qug/100 ml), they exhibited only three
among the PGPR fluorescenPseudomonas PGPR properties. A maximum of 23 strains
isolated from the rice rhizsophere. Thus, the possess phosphate solubilizing activity and an
dendrogram analysis of combined results of all equal number of strains exhibited antifungal
rep-PCR is useful to study the genomic diversity activity. A dichotomous key was used to
of the strains isolated from the same and different investigate the variation among the PGPR

plant rhizosphere. pseudomonads, among the isolates. Majority of the
isolates belong to the P.fluorescens and
[IV] DISCUSSION biochemical characterization alone is not regarded

Microbial community in the plant rhizosphere soll as an efficient in discrimination of similar

is highly dynamic. Plant rhizosphere relies on organisms or to establish the phylogenetic
relative abundance of the microbial population that relationships  between  them. In  certain
are dependent on the plant species, soil types and.j,cumstances FAME profiling also did not
environmental conditions. Among several plant .qorelate with established affiliations. Similarly,
growth  promoting  rhizobacteria  which —are  paME analysis of the randomly selected isolates

prevalent in the rhizosphere region of plants, jqentified10 out of 12 aB. putida biotypes and 2
Pseudomonas spp. are most common soil bacteria  45p. gyringae. FAME analysis doesn't fit well for

that can be easily cultured from most of the characterizing the  genera Pseudomonas
agricultural soils and rhizosphere. They have been acinetobacter. Moraxella. and Alcaligenes based

extensively used in plant growth promotion by o piochemical parameters [19,30]. The present
either by directly stimulating the plant or by study also affirms that phenotypic-based
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identification did not correlate with FAME results. rice rhizosphere. More recently, [25] identified
These discrepancies are attributed to inadequacy inplecoglossicida as the dominant species in the
taxonomic profiling for closely related isolates sugarcane rhizosphere along with other species of
rather than variability in the FAME profiles. fluorescent pseudomonads. Interestingly, this
Phenotypic traits, such as carbon source study identifiedP. plecoglossicida, P. monteilii, P.
utilization,  cellular  fatty acid  profile, mossdlii, P. libaniensis, and P. aeruginosa as a
denitrification ability, and pigment formation, are predominant population in the rice rhizosphere.
not considered sufficient for classifying were Further to determine the genetic variation among
fluorescentpseudomonads at the biovar level [32].  the isolates of PGPR fluorescepgeudomonads,
The genus fluorescepseudomonads have several  different DNA fingerprinting analyses including
species, and there are limitations associated withRAPD, ARDRA, and rep-PCR were performed.
the identification of closely related species. The Haelll-generated ARDRA pattern grouped
Therefore phenotypic characterization could be theP. plecoglossicida, P. Monteilii, P. Mossdlii, P.
reliable only for the confirmation up to the genus libaniensis, andP. aeruginosa isolates separately
level identification ofPseudomonas rather not for into four distinct groups. However, differentiation
the species level identification. among the isolates belonging to the same
On the other hand, sequence analysis of ribosomalsubgroup was not feasible. On the other hand,
operons is regarded as a modality in determining RAPD analysis has given a better option for

the phylogenetic relationship among organisms.
The 16S rRNA region was amplified using
Pseudomonas specific 16S rDNA primers and
resulted in the expected 960 bp amplicon,
confirming that all of the isolates belong to this
genus Pseudomonas. Correspondingly, these
primers were used to confirm the identity of 256
Pseudomonas isolates isolated from the rice
rhizosphere with a salinity gradient [26].16S

analyzing genetic diversity of PGPR fluorescent
pseudomonads isolated from the same and
different ecological niches. The genotypingRof
fluorescens isolates  producing  antifungal
compounds were carried out using RAPD [23].
Similarly, the primer pgs2 gave significant results
by generating many bands to differentiate almost
all of the isolates ofP. plecoglossicida, P.
Monteilii, P. Mossdii, P. libaniensis, and P.

rRNA sequence analysis has been used toaeruginosa. However, this analysis grouped all of

distinguish the species of the gergeudomonas
and to delineate theP. fluorescens lineage
including the species P. fluorescens, P.
aureofaciens, P. chlororaphis, P. marginalis, P.
tolaasii, andP. viridiflava. Similarly, 16S rRNA

the species belonging to the same group.
Differentiation of isolates of the same species
could not be achieved by this method. Different
types of repetitive sequence analysis were useful
for evaluating the genetic diversity of the isotate

sequence analysis has been used to distinguish thdrom the rice rhizosphere. Although, separate

species of the genud’seudomonas and to

assessment of rep sequences have their own level

demarcate 16S rRNA sequence analysis delineatedof genetic resolution to differentiate the orgarasm

25 isolates a®. plecoglossicida, P. monteilii, P.

nonetheless, fine resolution of genetic variatibn o

mosselii, P. libanienss, and P. aeruginosa. all the isolates was not possible. The results show
Phylogenetic analysis grouped all the strains in a considerable degree of relative similarity
four clusters sharing the sequence homology with between the isolates and varied depending upon
their closest reference strains. Surprisingly,telus  the molecular methods employed. Because of the
IV comprised of 10 isolates belonging to the high degree of genetic diversity of the isolates, a
P.Putida group, among them 8 strains welPe lack of correlation between genotype and
Plecoglossicida and two strains a®. Monteili. phenotypic (functional) traits has been observed in
The strains grouped in the cluster IV did not share this study as reported in plant pathogenic fungi
any sequence homology with the reference strains.[14]. In this regard, a combinatorial approach
These results clearly indicate genetic variation involving REP-, ERIC-, and BOX-PCR
within the species of the isolates obtained froen th  fingerprints revealed high co-phenetic correlation
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coefficient than the independent dendrogram; thus,
clustering was more accurate and consistent after
combining the results. REP-, ERIC-, and BOX-
PCR results can be combined as recommended by
[22] to obtain more consistent clustering. In this

manner, P. syringae pv. persicae could be

distinguished from wild cherry using ERIC- and
BOX-PCR, but not REP-PCR [27]. Similarly, a 4
combined approach of our results revealed the
largest number of distinct groups, which was
useful for differentiating the genomic diversity of
the isolates from the rice rhizosphere. Thus, the 5.
methodology adopted showed results with more
clarity and ubiquity than the other methods
employed in the present study. The genotypic data
presented here results in the identification and

selection of new PGPR pseudomonads

substantially. With the usage of rep-PCR, novel
genotypes can be easily documented and selected
for more rigorous analyses. Additionally, our
screening program can be focused on genotypes
that are known to be effective on rice rhizosphere.
This study is the first of its kind to report the /-

higher degree of interspecies diversity Bf
plecoglossicida in the rice rhizosphere and
heterogeneity of the fluorescePgeudomonads.

[V] CONCLUSION

Functional and genotypic diversity among

fluorescentpseudomonads in the rice rhizosphere

was assessed lucidly. Knowledge on diversity of

plant growth-promoting and biocontrol

rhizobacteria is required not only for deciphering o
their ecological role in the rhizosphere, but also

for their exploitation in sustainable agricultute.
conclusion, fluorescenpseudomonads from the

present study possess inherent qualities as potent
biofertilizers and a biocontrol agent that might

play crucial roles in plant growth promotion,

disease control, and subsequent enhancement of

crop yield emphasizing sustainability.
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Table. 1: PGPR properties of fluorescefPgeudomonas isolated from rice rhizosphere

Strain Accession Denitrification Phosphate IAA Antifungal activity (mm)
number Solubilisation (ng/100ml) EM FO RB
R1 DQO071557 + + 40 + ++ T
R2 DQ140381 + + 40 + ++ +
R3 DQ140382 + + 110 ++ + +
R4 DQ140383 - + 100 + + T
R5 DQ071558 + + 45 + 4+ +
R6 DQO071559 - + 110 + ++ +
R7 DQO073449 + + 260 +++ ++ ¥
R8 DQO073450 + - 140 + + i
R9 DQO073451 + + 100 + + T
R10 DQ073452 - + 510 ++ + +++
R11 DQ073453 - + 640 +++ + +
R12 DQO073454 + + 380 ++ + T
R13 DQ095878 + - 430 + 4+ F++
R14 DQ095879 - + 360 - - B
R15 DQ095880 + + 90 + + T
R16 DQ095881 + + 120 - - -
R17 DQ095914 + + 30 + + T
R18 DQ095882 + + 110 + + T
R19 DQ095883 - + 40 + + R
R20 DQ095888 + + 280 + T+ T
R21 DQ095884 + + 150 + +++ +
R22 DQ095889 + + 70 + + T
R23 DQ095880 + + 120 + ++ T
R24 DQ095886 - + 90 + + ¥
R25 DQ095887 - + 110 + + ¥
FM- Fusarium moniliformis ; FO —Fusarium oxysporum ; RB —Rhizoctonia. bataticola
*+= 6-10mm inhibition. *++= 11-20mm inhibition. *+++= 21-28mm inhibition.
Table. 2: Biochemicalcharacteristicef rice rhizopherestrains
B}
o 2 8 -
- > = © o o o
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c + = — s ] ) =
o © 4 @© 8 — -aq—) o e e c
= c 2w 3 = @ S 3 c =t 2
. Q o) — b +— = © [} O (] () < o
o ® = o = v) = ko] — — 4= c =
< £ > B 29 8% 32 o 2 25 % §
< E 8 = S § 8 & o g E £ £ O 8 8 8 8 5
8 © ©® 8 &6 ET & o £ 5 &§ & 0og S oa g 2
= = = a © X ®W T & £ 2 © S N 2 & £ 8 &
n O »n = o &b 0 £ 0O« T O xS 02 F EO
R1 -  Rod Motile - + o+ o+ - + + + + -+ - - - +
R2 - Rod Motile + + + - + + + -+ o+ o+ +
R3 - Rod Motile - + o+ o+ - + + + + -+ -+ o+ o+
R4 -  Rod Motile - + o+ o+ + + + - - -+ o+ - -
R5 - Rod Motile - + o+ o+ - + + + + o+ - - - . -
R6 - Rod Motile - + o+ o+ - + + + + o+ - -+ o+ +
R7 -  Rod Motile - + o+ o+ - + + + + o+ e -
R8 -  Rod Motile - + o+ o+ - + + - + o+ + o+ - -+ -
R9 -  Rod Motile - + o+ o+ - + + + + o+ -+ -+ - +
R10 - Rod Motile - + o+ o+ - + + + + o+ - - -+ -
R11 - Rod Motile - + o+ o+ - + + + - - - -+ - -
R12 - Rod Motile - + o+ o+ - + + + + o+ - - - - -
R13 - Rod Motile - + + + - + + - + - + -+ - + o+
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R14

R15
R16
R17

R18
R19
R20
R21
R22
R23
R24
R25

Rod Motile -

Rod Motile -
Rod Motile -
Rod Motile -

Rod Motile -
Rod Motile -
Rod Motile -
Rod Motile -
Rod Motile -
Rod Motile -
Rod Motile -
Rod Motile -

+ + + + + + + + + + + o+

+ + + 4+ + + o+ o+ o+ + o+ o+
+ + + 4+ o+ + o+ 4+ o+ + o+ o+
'

+ + 4+ o+ o+ + + o+ o+ + + 4+

+ 4+ o+ + + o+ o+ 4+ + o+

+

+ o+ o+ o+ o+

+ o+ o+ o+

+

+ 4+ o+ +

+

Table.3: Genetic diversity of fluorescePseudomonas isolated from rice rhizosphere

Analysis of geqetic di\(ersity usipg different DNA
Strain L68rDNA based . fingerprint analysis
identification Accession No. BOX
RAPD ARDRA ERIC REP
R1 P. monteilii DQO071557 | Il 1] I \
R2 P. plecoglossicida DQ140381 | I ] | 1l
R3 P. plecoglossicida DQ140382 | I v | Il
R4 P. plecoglossicida DQ140383 I [ T I v
R5 P. plecoglossicida DQO71558 I [ MM [ I
R6 P. libanensis DQO071559 | 1] ] I \
R7 P. libanensis DQO073449 | 1] Il 1 1]
R8 P. libanensis DQ073450 11 1] v 1| \
R9 P. libanensis DQO073451 | ] Il 11l I
R10 P. mossdlii DQO073452 \Y 1 v 1\ 1]
R11 P. aeruginosa DQO073453 \Y v 1l 1 I
R12 P. aeruginosa DQO073454 v v Il v I
R13 P. aeruginosa DQ095878 v v Il I \
R14 P. aeruginosa DQ095879 11 v [ I |
R15 P. monteilii DQ095880 Il Il | 1\ 1]
R16 P. mossdlii DQ095881 Il Il [ 1\ |
R17 P. mosselii DQ095914 | Il 1] I |
R18 P. plecoglossicida DQ095882 | I 1 Il \%
R19 P. plecoglossicida DQ095883 1] I Il 1 1]
R20 P. plecoglossicida DQ095888 1] I ] | v
R21 P. plecoglossicida DQ095884 I [ v I T
R22 P. plecoglossicida DQ095889 11 I v Il \Y
R23 P. monteilii DQ095885 v 1 I 1\ 1]
R24 P. plecoglossicida DQ095886 Il I I | |
R25 P. plecoglossicida DQ095887 | I Il Il [}
®Note: The sequences were deposited in the NCBI Geafk database
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0.001

Pseudomonas libanensis (R6)
3 ; 2 X .

Pseudomonas libanensis (R9)
0001 e ovidomonas libanensis (R7)

2 , . 3 3 |
Psaudomonas libanensis strain (R8)

s Pseudomonas libaniensis (AF057645)*
0.004 Psaudomonas migulae (AF074383)*
809 b ovidomo nas fluorescens (D84013)* >_ |
0.018 W Psaudomonas marginalis (AB021401)*
0.015 Psaudomonas chlororaphis (D84011)%
054;% Pseudomonas cichorii (AB021398)*
- Pseudomonas mandelii (AF058286)*

0.00§

Pseudomonas amygdali (D§4007)*
Psaudomonas caricapapayae (D84 E:?D
Pseudomonas avellanae (U49384)

? Pseudomonas syringae (D84026)* \
Pseudomonas luteola (D84002)*

0.010

0.026

0.010 Pseudomonas flavescens (U01916)*

0.00 0.017 , , . -
0.000 Pseudomonas pseudoalcaligenes (R3)

V01 pooudomonas stutzert (U262 62)%
0.013 Pseudomonas alcaligenes (D84006)* >_ [l
Pseudomonas anguilliseptica (4B021376)*

Pseudomonas citronellolis (AB021396)*

0.00i 0.001

Pseudomonas aeruginosa (R11)

0.001
? Pseudomonas aeruginosa (R14)
Pseudomonas aeruginosa (R12)
B-0%% e oudomonas aeruginosa (R13)

® Pseudomonas aeruginosa (Z76651) *—<
0.004 004 b eydomonas oryzihabitans (D84004)*
0.003 V0% pseudomonas putida (D84020)*

0.012 Pseudomonas fulva (D84015)*
Psaudomonas monteilii (AB021409)* >—| 1l
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Figure. 1: Phylogenetic tree of fluorescepseudomonad strains based on 16S rDNA sequences. The tree was
constructed using the neighbour joining method.obtain confidence values, the original dataset meaampled
1,000 times using the bootstrap analysis method.

Nagarajan Kayalvizhi, et al. 504



Similarity index
030 0.40 0.50 0.60 0.70 0.80 0.90 1.00

R15
R12

—1 s
R22

__i R17

R24
R19

R21
R20

R16
i R23
—1 e

R7

—
|| R14
—

R25

L LR e Tl
W . e i
A oA

BOX ERIC REP

Figure. 2: Cluster analysis of combined ERIC-, REP-, and BAXRPgenomic fingerprint patterns of
functionally associated fluorescePdeudomonas of rice. The UPGMA algorithm was applied to thengarity
matrix generated with the Dice coefficient.
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