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Abstract Six diazotrophic bacteria were isolated from

surface-sterilized roots of rice variety HUR-36, which is

grown with very low or no inputs of nitrogen fertilizer. Out

of six bacteria one isolate, RREM25, showed appreciable

level of nitrogenase activity, IAA production, and Phos-

phate solubilization ability, and was further characterized

with a view to exploiting its plant growth promoting

activity. Based on 16S rRNA gene sequence analysis, this

isolate was identified as Burkholderia cepacia. Diazo-

trophic nature of this particular isolate was confirmed by

Western blot analysis of dinitrogenase reductase and

amplification of nifH. Microscopic observation confirmed

colonization of gfp/gusA-tagged RREM25 in the intercel-

lular spaces of cortical as well as vascular zones of roots.

Inoculation of RREM25 to rice plants resulted in signifi-

cant increase in plant height, dry shoot and root weight,

chlorophyll content, nitrogen content and nitrogenase

activity. Plant growth promoting features suggest that this

endophytic bacterium may be exploited in rice cultivation

after a thorough and critical pathogenicity test.

Keywords Burkholderia sp. � nifH gene � Rice �
Growth promotion

Introduction

Biological nitrogen fixation (BNF), generally found in

legumes, is a valuable nature’s gift through which atmo-

spheric nitrogen is fixed by symbiotically associated rhi-

zobia that make it available to plants. Among cereals, rice

(Oryza sativa L.) is an important staple food crop that feeds

a large proportion of the world population (Ladha et al.

1997). There is tremendous pressure on agriculturists

worldwide to increase the rice yield to meet growing

consumption to feed a world population increasing day by

day. However, unlike symbiotic plant–microbe interactions

commonly observed in legumes, endophytic associations in

several cereal crop plants including rice have been

observed (Yanni et al. 1997, 2001; Singh et al. 2006).

Extensive research on endophytic bacteria and its benefi-

cial effects on plant growth started with the isolation of

endophytic Gluconoacetobacter diazotrophicus from Bra-

zilian sugarcane (James and Olivares 1998). Burkholderia,

a phylogenetically well-defined genus which is remarkably

diverse in view of its wide environmental distribution and

its capabilities for promotion of plant growth (Chen et al.

2006). Endophytic Burkholderia reside inside the plant

tissue without doing substantive harm and 42–64%
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increases in growth of rice plants was observed when

Burkholderia brasilensis and Burkholderia vietnamiensis

were inoculated under gnotobiotic conditions (Govindara-

jan et al. 2008). Nitrogen is the major limiting factor for

plant growth, the application of N2-fixing endophytic

bacteria as biofertilizer has emerged as one of the most

efficient and environmentally sustainable methods for

increasing growth and yield of crop plants. Diazotrophic

endophytic bacteria provide more of fixed nitrogen as

compared to rhizospheric bacteria because the interior of

plants is a more suitable niche for nitrogen fixation in view

of low partial oxygen pressure (pO2) and direct accessi-

bility of the fixed nitrogen to the plants (James and Oliv-

ares 1998). Besides nitrogen fixation, endophytic bacteria

may also have other plant-growth promoting activities such

as production of phytohormones, inhibition of ethylene

biosynthesis, and Phosphate solubilization (Govindarajan

et al. 2008; Son et al. 2005). Nitrogen balance studies

suggest that sufficient supply of biologically fixed nitrogen

(as much as 150 kg N ha-1 year-1) by Acetobacter dia-

zotrophicus to Brazilian variety of sugarcane, and Azoarcus

to Kallar grass (Leptochloa fusca (20–40 t ha-1 year-1) is

made available to the plants under natural condition

(Boddey et al. 1995; Reinhold-Hurek et al. 1993; Sandhu

et al. 1981). These investigations point to the potential of

endophytic diazotrophs to increase the productivity of non

legumes including important crop plants (Sturz et al. 2000).

In present study, we report the colonization of endophytic

diazotrophic Burkholderia cepacia in rice followed by

subsequent plant growth promotion.

Materials and methods

Isolation and enumeration of diazotrophic endophytic

bacteria

Healthy plants of four varieties of rice, viz., NDR97, HUR-

36, Sarjoo52, and Pusa Basmati 1, were randomly collected

from different sampling locations i.e. Varanasi, Balia,

Mirzapur, Ghorakhpur, and Chandouli during the growing

season from farmers field of eastern Uttar Pradesh, India.

Plants of each variety from four plots were uprooted and

brought immediately to the laboratory. These varieties of

rice grown in fields getting minimal application of syn-

thetic chemical N fertilizer. For screening of diazotrophic

bacteria, initially, the plant roots/shoots were thoroughly

washed, surface-sterilized, and subjected to Acetylene

Reduction Assay (ARA). Only those plants that showed

positive ARA were selected for the isolation of endophytic

bacteria. Putative endophytic diazotrophic bacteria were

isolated and cultivated on BAz/BAc and JNFb- media

(Estrada-de los Santos et al. 2001, Singh 2008) while

Nutrient agar (NA) was used for efficiency of sterilization

and bacterial enumeration. Surface-sterilization of rice

roots and pure endophytic bacterial colonies were isolated

following standard protocol (Singh et al. 2006). In brief,

roots were cleaned, surface sterilized in 95% ethanol and

0.1% HgCl2, and macerated in a sterile pestle and mortar.

One milliliter of each root homogenate was aseptically

inoculated to different ‘‘legume trap’’ hosts, i.e., Vigna

radiata, V. mungo, V. unguiculata, Pisum sativum, Glycine

max, Cajanus cajan, Cicer arietinum, Trifolium alexandr-

inum, Phaseolus vulgaris, and Sesbania aculeata grown in

test tubes. These tubes were filled with nitrogen-free Fah-

raeus medium (NFM) (Fahraeus 1957) solidified with 1.5%

agar. Seedlings were grown for 35 days in a plant growth

chamber programmed for a 14-h photoperiod, 26–28/

22–24�C day/night cycle of temperature and 70% relative

humidity. Uninoculated plants served as control. Estab-

lished reference strains of B. cepacia strain RRE3, RRE5

(Singh et al. 2006) and B. vietnamiensis strain LMG10929,

were used as positive control to compare the symbiotic

performance of the rice-borne Burkholderial isolates. All

six isolates grown in King’s B medium were tested for

fluorescence by observing under UV transilluminator at

365 nm.

Production of Indole Acetic Acid (IAA), phosphate

solubilization and nitrogenase activity of endophytic

isolates

IAA was extracted from culture supernatants/cultures by a

modified method of Manulis et al. (1994). High-perfor-

mance liquid chromatography (HPLC) of extracted IAA

was performed in a Shimadzu system (Shimadzu Corpo-

ration, Kyoto, Japan) equipped with two LC-10 ATVP

reciprocating pumps, a variable Shimadzu SPD-10 AVP

UV–VIS detector and a Rheodyne (Model 7725) injector

with a loop size of 20 ll. IAA present in the samples was

identified by comparing retention time (Rt) with an indi-

vidual reference standard and further by co-injection.

Screening of phosphate solubilization and quantitative

estimation of solubilized P and Nitrogenase activity were

done following standard protocol (Singh 2008). Three

replicates were used for analysis.

16S rRNA and nifH gene amplification, cloning,

and sequencing

Genomic DNA was extracted by D Neasy Tissue kit

(Qiagen GmbH, Hilden, Germany) as per the instructions

of manufacturer. Nearly full-length rRNA gene of

RREM25 isolate was amplified using the universal primers

(PA 50-AGAGTTTGATCCTGGCTCAG-30 and PH 50-
AAGGAGGTGATCCAGCCGCA-30), as per the standard
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protocol Singh et al. (2006). In case of nifH gene, the DNA

of RREM25 isolate was used as test while Escherichia coli

that of as negative control and the PCR amplification using

the primers 19F (50-GCIWTYTAYGGIAARGGIGG-30)
and 407R (50-AAICCRCCRCAIACIACRTC-30) was car-

ried out as described Ueda et al. (1995). PCR amplified

products of 16S rRNA and partial nifH gene were purified

using QIAquick PCR purification kit (Qiagen GmbH,

Hilden, Germany), cloned into pGEM�T vector (Promega

Corp., Madison, WI, USA) and sequenced with ABI

automated DNA Sequencer using ABI Big Dye termination

cycle sequencing ready reaction kit (Applied Biosystems,

USA) as per the protocol of manufacturer. The 16S rRNA

and nifH gene sequences were compared to similar gene

sequences available at GenBank database using BLASTn

program (Altschul et al. 1997) and were aligned separately

with the sequences of closely related species of Burk-

holdaria genus. The phylogenetic trees based on 16S rRNA

and nifH partial gene sequences were constructed by

neighbor-joining method using MEGA 4.0 (Saitou and Nei

1987; Tamura et al. 2007). All bootstrap replications (1,000

replications) indicating more than 80% support were

placed at the nodes in the phylogenetic tree.

Immunological detection of dinitrogenase reductase

protein

Western blot hybridization was used to detect the presence

of nitrogenase enzyme in the isolate RREM25. Culture was

grown in N-free minimal liquid medium (JNFb-) for 96 h

at 30�C, and whole-cell proteins were extracted from the

culture. The immunological detection was made by using

mixture of polyclonal antibody raised against dinitrogenase

reductase protein of Rhodospirillum rubrum and Azoto-

bacter vinelandii according to Schloter et al. (1995). The

antibody was a generous gift from P.W. Ludden, Univer-

sity of Wisconsin, Madison, USA. Western blot hybrid-

ization was used to detect the presence of nitrogenase

enzyme in the isolate RREM25.

Tagging of bacterial strains with gfp/gusA

With a view to identify native of RREM25, it was marked

with gfp/gusA reporter gene using a Plasmid pHRGFPGUS

(Ramos et al. 2002). B. cepacia (RREM25) resistant to

Rifampicin (125 lg ml-1) were chosen as recipients for

genetic tagging with gfp/gusA reporter. This strain was

sensitive to Kanamycin (50 lg ml-1). Plasmid pHRGFP-

GUS containing the gfp and gusA genes expressed under

the control of a gentamycin promoter was introduced by

biparental mating using donor strain E. coli S17-1 (Simon

et al. 1983; Bhatia et al. 2002; Sharma et al. 2005). Plasmid

pHRGFPGUS is a derivative of plasmid pBBR1, which is a

small (2.6 kb), broad-host range plasmid and stably

maintained in a number of Gram-positive and Gram-neg-

ative bacteria (Quanhrani-Bettache et al. 1999). The con-

jugation mix was incubated for 24 h on Luria agar plates

and then spread on Luria agar plates containing appropriate

antibiotics. Ex-conjugants showing green fluorescence

under UV illumination were selected for further study.

Seedlings were inoculated as per the method described by

Singh et al. (2009).

Confocal laser scanning microscopy (CLSM)

Seven days after inoculation, rice seedlings (inoculated and

uninoculated) were taken out from the culture tubes,

washed with sterile water, cut into small pieces, and

mounted on bridge slide with 10% (v/v) glycerol

(microscopy grade). Optical sections of the root pieces

were observed in a Bio-Rad Radiance 2000 Multiphoton

CLSM system attached to a Nikon E-300 inverted micro-

scope. GFP-tagged bacterial cells were excited with the

488 nm Argon laser line. Images were collected in a

z-series from 10 to 25 optical sections ranging from 1 to

2 lm in thickness.

In planta nitrogenase activity and growth of rice variety

HUR-36 in gnotobiotic and green house conditions

The AR (Acetylene Reduction) activity of inoculated

plants roots was determined following standard protocol

(Govindarajan et al. 2008). For the assessment of plant

growth–promoting potential of B. cepacia RREM25 a plant

infection test was performed along with RRE3, RRE5 and

LMG10929 in gnotobiotic and green house condition. For

raising gnotobiotic culture of rice cultivar HUR-36 with

Burkholderia, seeds were de-hulled, treated with 96%

ethanol followed by 0.1% acidified HgCl2 for 10 min and

were washed six times with sterile water. Seeds were

incubated in dark at 30�C for 3 days for germination on

0.8% water agar plates. Seedlings were transferred to cul-

ture tubes at the rate of one seedling per tube having agar

slants containing nitrogen free Fahraeus medium. Simul-

taneously Burkholderial cells, grown in BAc/BAz medium,

were harvested by centrifugation at 10,000g for 10 min at

4�C and resuspended in phosphate buffer (pH 7.0). Each

tube was inoculated with 1 ml bacterial suspension ±108

c.f.u.ml-1 (mean inoculation level 3 9 105 cells seed-1)

and transferred in plant growth chamber programmed with

14/10 h light/dark period, 28–30/23–25�C day/night cycle

of temperature and 70% relative humidity. Uninoculated

seedlings served as control. In the green house experiment,

the seeds of rice cultivar HUR-36 were surface sterilized as

described earlier. Other experimental conditions for growth

remained the same. Treated seeds were sown in plastic pots
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containing 200 g sterilized sand. Pots were inoculated with

1 ml culture of similar bacterial content after 3 days of

seedlings emergence. Plants were regularly irrigated with

sterile water and the effect on plants was assessed after

35 days of inoculation by measuring the plant height, dry

shoot and root weight, chlorophyll content, nitrogen con-

tent and nitrogenase activity of the test plants (Singh 2008).

Statistical analysis

The data were analyzed by analysis of variance (ANOVA)

and the means were compared following Fishers test of

least significant difference (LSD) to assess the effect of

inoculation on rice cultivar.

Results

Enumeration of diazotrophic endophytic bacteria

Interestingly, out of four varieties, the macerate of only the

rice variety HUR-36 showed the presence of endophytic

diazotrophic bacteria when tested for growth on JNFb—

solid medium. Based on distinct morphotypes of colonies

on JNFb—solid agar medium, four root isolates RREM25,

RREM34, RREM42, and RREM17, and two culm isolates,

RREM37, and RREM51, were picked up and grown on

Burkholderial specific nitrogen-free medium (BAc/BAz).

The root macerates routinely showed higher number

(3 9 105) of diazotrophic bacterial isolates than those of

culm (3 9 104 cfu/g fresh wt). However, bacterial popu-

lation was much higher (2 9 107 cfu/g fresh wt) when the

root/culm macerate was plated on NA medium. Growth of

any bacteria neither occurred on plates spread with the last

wash nor on sections of surface sterilized roots or culms

suggesting the recovery of isolates only from the interior

parts of the plants. None of the isolates even showed

fluorescence under UV light.

Test of IAA production, phosphate solubilization

and nitrogenase activity of endophytic isolates

Initial screening revealed IAA production in six isolates out

of which highest production was shown by RREM25

(19.50 lg mg-1 dry wt) followed by LMG 10929 (17.55 ±

3.0 lg mg-1 dry wt) after growth in the medium supple-

mented with tryptophan (Table 1). Standard peaks identi-

fied as IAA were recorded and compared with all the three

isolates through the analysis of samples by HPLC (Fig. not

shown). In addition to nitrogen-fixing ability and IAA

production, the two isolates were found positive for P sol-

ubilization. Initial screening for P solubilization activity

was based on the appearance of a clearing zone around the

bacterial colonies on solid agar medium supplemented with

insoluble phosphate. Further analysis showed that the iso-

late RREM25 had the highest level (31.50 lg mg-1 dry wt)

of P solubilization (Table 1). Diazotrophic nature of all the

isolates was determined by ARA. Eight isolates exhibited

nitrogenase activity that ranged between 0.51 and 1.70

lmol C2H4 mg-1 protein h-1, RREM25 being the highest,

while nitrogenase activity could not be detected in the

isolate RREM37 (Table 1).

16S rRNA and nifH gene identification of selected

endophytic isolate

Among all the tested isolates, the isolate RREM25 appeared

to be potent in terms of nitrogenase activity, P solubiliza-

tion, and IAA production (Table 1). These characters of the

isolate led to the identification of RREM25 as B. cepacia

based on 16S rRNA gene. 16S rRNA gene sequence anal-

ysis that showed highest degree of similarity to B. cepacia

(99.1%). The phylogenetic tree constructed on the bases

of 16S rRNA gene sequences indicated the position of

B. cepacia in close relation with other Burkholderia species

(Fig. 1a). In case of nifH gene, *390 bp fragment was

obtained in PCR amplification (Fig. 2). The phylogenetic

Table 1 Nitrogenase activity,

IAA production, and Phosphate

solubilization of various

endophytic Burkholderia
species isolated from rice roots

* Means ± SD of three

experiments conducted

separately under identical

conditions

ND not detected

Bacterial isolates Nitrogenase activity

(lmol C2H4 mg-1

protein h-1)*

IAA production

(lg mg-1 dry wt)*

Phosphate solubilization

(lg mg-1 dry wt)*

RREM25 1.70 ± 0.36 19.50 ± 3.2 31.50 ± 3.6

LMG 10929 1.36 ± 0.26 17.55 ± 3.0 28.50 ± 3.6

RRE3 1.24 ± 0.30 14.65 ± 2.3 21.50 ± 3.2

RRE5 1.05 ± 0.18 14.15 ± 1.8 20.25 ± 3.0

RREM34 1.34 ± 0.26 13.50 ± 2.5 10.20 ± 1.5

RREM42 1.26 ± 0.24 14.25 ± 2.8 ND

RREM17 0.51 ± 0.12 ND ND

RREM37 ND ND ND

RREM51 1.11 ± 0.20 ND ND
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analysis based on partial nifH gene sequence of RREM25

showed significant similarity with other Burkholderia spe-

cies (Fig. 1b). Amplification of nifH was not observed in

negative control. The partial sequences of 16S rRNA and

nifH gene of B. cepacia RREM25 have been deposited in

NCBI, GenBank under accession numbers EU246850 and

HQ699896, respectively.

Detection of dinitrogenase reductase protein

Diazotrophy of B. cepacia RREM25 was investigated by

Western blot hybridization of nitrogenase. Applying

immunoblotting technique, a *27-kDa fragment of dini-

trogenase reductase was detected after hybridization with

specific antibodies (Fig. 3). No positive signal was

observed in protein extract of E. coli.

Inoculation of rice seedlings by gfp/gusA-tagged

Burkholderia cepacia RREM25

Test of growth rate and plant growth promoting features, viz.,

nitrogen fixation, IAA production, and P solubilization of the

transconjugants, revealed no change and were almost identical

to that of parent isolate RREM25. When gfp/gusA-tagged

isolate was inoculated on germinated seedlings of rice variety,

HUR-36, active colonization occurred and was confirmed by

reisolation of tagged strain from the inoculated rice plants. As

expected, uninoculated control plants grown under identical

conditions did not show the presence of any bacteria in the

roots or culms. Moreover, no disease symptoms appeared in

control or inoculated plants throughout the study. At 409

resolution, gfp/gusA-tagged cells were apparently localized in

intercellular spaces of cortical as well as vascular zones,

indicating the entry of gfp/gusA-tagged isolate RREM25

(Fig. 4). Rice roots of uninoculated control plant did not show

any fluorescence 7 days after inoculation (DAI).

Fig. 1 The phylogeny of B. cepacia RREM25 with different

Burkholderia species. a Phylogenetic tree based on 16S rRNA gene

sequences. b Phylogenetic tree based on partial NifH DNA sequences.

The strain B. cepacia RREM25 used in this study was indicated in

Box. Phylogenetic trees were generated by neighbor-joining method

using MEGA 4.0. The percentage of bootstrap values (1,000

resampling) that supported more than 80% were indicated at the

branches

Fig. 2 PCR Amplification of

nifH gene. Lane a negative

control (E. coli) showing no

amplification, b 100-bp ladder

c detection of NifH from

B. cepacia RREM25 with

*390 bp segment on 1.5%

agarose gel
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In planta nitrogenase activity and growth of rice variety

HUR-36 in gnotobiotic and green house conditions

Our results indicated that B. cepacia isolate RREM25, after

inoculation, resulted in significant plant growth promotion

after 35 DAI as assessed on different growth parameters

viz. plant height, dry shoot and root weight, chlorophyll

and nitrogen content (Tables 2 and 3). Maximum number

of bacterial count most probable number (MPN) was

recorded in RREM25 and HUR-36 interaction (Table 4).

Colonization of rice variety with RREM25 also enhanced

nitrogenase activity in both gnotobiotic and green house

conditions 20.22 and 21.32 nmol C2H4 mg-1 fresh weight

of root, respectively (Table 4).

Discussion

B. cepacia complex is regarded as a potential human

pathogen associated with several clinical manifestations

such as ciystic fibrosis (Chiarini et al. 2006). We report the

presence of endophytic B. cepacia in the roots and culms of

healthy rice plant (HUR-36). It is pertinent to mention that

HUR-36 is mostly grown in rain fed area and requires low

input of chemical N fertilizers, which might favor associ-

ation with endophytic diazotrophic bacteria such as

B. cepacia. Apart from diazotrophy, other beneficial

activities such as P solubilization and IAA production is an

added feature of this bacterium. All the isolates recovered

from the roots or culms are indeed endophytes and are

present in the interior tissues of rice plants as apparent from

the methods of sterilization employed. Occurrence of

higher population of endophytes in roots in comparison to

aerial parts has been reported in several plants, and our

results are in accordance with its reports (Katherine et al.

2008). In previous study, roots have been shown to be a

preferred niche for growth and nitrogen fixation by endo-

phytic Burkholderia (Govindarajan et al. 2008). In the

present study, six endophytic diazotrophic isolates from

roots and culms were isolated from rice variety, HUR-36.

There were significant differences in nitrogenase activity

and IAA production and P solubilization activity among

the six isolates. Only isolate RREM25 exhibited highest

record for all the three growth-promoting characters. This

isolate was identified as B. cepacia by rRNA gene

sequence analysis, and it is placed in the class b-proteo-

bacteria from which only a few members including

B. vietnamensis, B. kururiensis, B. tropica, B. unamae, and

a few others are known to show N2-fixing ability (Cabal-

lero-Mellado et al. 2004). Phylogenetic analysis suggested

significant similarity to other strains of Burkholderia,

which otherwise are known to perform different roles in the

plant growth-promoting rhizobacteria (Govindarajan et al.

2008).We feel that plant-growth ability in B. cepacia strain

RREM25 may have resulted from environmental adapta-

tion. However, RREM25 may not be used as biofertilzer

agent until its pathogenicity test is critically evaluated.

Knowing that ARA is an indirect method to test the dia-

zotrophic nature of any microorganism, confirmation of

diazotrophy in RREM25 was established by localizing the

Fig. 3 Test for the presence of dinitrogenase reductase. Lane (1)

marker 150 kDa, (2) negative Control (E. coli) where no signal was

observed, (3) detection of dinitrogenase reductase by Western blot

analysis in B. cepacia RREM25

Fig. 4 Confocal laser scanning micrograph of gfp/gusA tagged

B. cepacia RREM25 cells. Transverse section of rice root inoculated

with RREM25 and grown for 7 days in the growth chamber showed

fluorescence (arrow) after colonizing intercellular spaces in the cortex

region (Bar 50 lm)
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key enzyme nitrogenase using immunoblotting technique

as reported in Burkholderia (Estrada-de los Santos et al.

2001). The presence of a protein band specifically bound to

anti-dinitrogenase reductase in this isolate clearly demon-

strated the presence of active nitrogenase polypeptide in

the cells. Result of Western blot hybridization was further

supported by the amplification of * 390 bp fragment of

nifH, which encodes dinitrogenase reductase. Diazotrophy

was confirmed by amplification of nifH segment using

different PCR primers from various organisms and natural

Table 2 Effect of endophytic Burkholderia inoculation on growth and nitrogen content in rice (var. HUR-36) under gnotobiotic conditions after

35 days of inoculation

Bacterial strains Plant height

(cm)a
Shoot dry

weight (mg/plant)a
Root dry weight

(mg/plant)a
Chlorophyll

contenta
Nitrogen

content (mg/plant)a

Control

(uninoculated)

15.08 09.31 04.43 21.38 0.332

RREM-25 17.27 (14)* 11.83 (27)* 06.21 (40)* 22.42 (4.8)* 0.448 (34)*

RRE-3 16.87 (11)* 10.63 (12)* 06.02 (35)* 22.10 (3.3)* 0.430 (29)*

RRE-5 17.05 (13)* 11.57 (24)* 06.01 (35)* 22.34 (4.4)* 0.434 (30)*

LMG 10929 16.69 (10)* 10.63 (14)* 05.83 (31)* 22.11 (3.4)* 0.413 (24)*

LSD 5% 0.4129 0.3516 0.3119 0.4718 0.0712

a Mean of five replications

* Significantly different from the control at 5%

Table 3 Effect of endophytic Burkholderia inoculation, on growth and nitrogen content in rice (var. HUR-36) under greenhouse conditions after

35 days of inoculation

Bacterial strains Plant height

(cm)a
Shoot dry

weight (mg/plant)a
Root dry

weight (mg/plant)a
Chlorophyll

contenta
Nitrogen content

(mg/plant)a

Control

(uninoculated)

35.00 30.82 28.08 29.13 17.80

RREM-25 41.88 (20)* 38.89 (25)* 37.62 (34)* 30.96 (6.2)* 22.35 (25)*

RRE-3 40.72 (16)* 36.74 (19)* 36.24 (29)* 30.83 (5.8)* 21.70 (22)*

RRE-5 41.76 (19)* 38.20 (24)* 37.26 (32)* 30.59 (5)* 22.34 (25)*

LMG 10929 41.09 (17)* 37.03 (20)* 35.09 (25)* 30.73 (5.4)* 21.92 (23)*

LSD 5% 0.6635 8.9641 2.52366 0.5870 0.9587

a Mean of five replications

* Significantly different from the control at 5%

Table 4 In planta nitrogenase activity and bacterial count most probable number (MPN) in rice variety HUR-36 after 35 days of inoculation

Bacterial Strains Gnotobiotic condition Greenhouse condition

Nitrogenase activity

(nmol C2H4 mg-1

fresh weight of root)a

Bacterial count in rice root

(log10 cfu g-1 root

fresh weight)a

Nitrogenase activity

(nmol C2H4 mg-1

fresh weight of root)a

Bacterial count in rice root

(log10 cfu g-1 root

fresh weight)a

Control

(uninoculated)

ND 0 ND 0

RREM-25 20.22* 7.21* 21.32* 8.15*

RRE-3 19.51* 6.19* 20.54* 7.22*

RRE-5 18.96* 6.07* 20.11* 7.09*

LMG 10929 18.80* 5.63* 19.52* 6.28*

LSD 5% 0.7951 0.6973 0.8264 0.7142

a Values are mean of five replications

* Significant at 5%
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samples (Ueda et al. 1995). In this study, fidelity of the

amplified segment of nifH was assured from the sequence

information, which displayed similarity with nifH sequence

available in database of GenBank. Based on the above

physiological and molecular evidences, it may be con-

cluded that the isolate RREM25 is indeed a diazotrophic

and active N2-fixing bacterium. One prominent feature of

gfp/gusA-marked B. cepacia RREM25 noticed in this study

is the active colonization of rice plants that was confirmed

by reisolation of this strain from surface-sterilized roots

and culms of the inoculated seedlings. Intense gfp activity

was noted on intercellular spaces of cortical as well as

vascular zones, which suggests that this region may be the

possible site for colonization of this bacterium. This finding

is in agreement with other reports on diazotrophic endo-

phytic Burkholderia sp. in rice (Katherine et al. 2008;

Singh et al. 2009). As such, the apoplastic localization in

intercellular spaces is considered to be the preferred site for

a few endophytic diazotrophs (James and Olivares 1998).

Other hand in situ gus staining has a major drawback, the

presence of blue color does not unequivocally confirm the

location or even the presence of the gus-marked bacteria

because the color can diffuse into bacterium-free plant

material (Jefferson et al. 1987). Isolate RREM25 may be

used as a potent plant growth bioagent is borne out by the

experiments conducted with the variety HUR-36 where

significant increase in length of root and stem and

enhanced formation of lateral and adventitious roots were

observed. It is well known that IAA secreted by a bacte-

rium may promote root growth due to stimulatory effect on

plant cell elongation or cell division or indirectly by

influencing bacterial 1-aminocyclopropane-1-carboxylate

(ACC) deaminase activity (Glick 2005). Further increased

plant dry weight, chlorophyll and nitrogen content were

observed. That might be due to the supply of fixed nitrogen

by the colonized bacteria as a result of significant level of

nitrogenase activity in rice plants detected 35 DAI which is

also supported earlier finding (Govindarajan et al. 2008).

In conclusion, our results showed that the roots and culms

of the rice variety HUR-36 harbor a variety of endophytic

diazotrophic bacteria including B. cepacia (RREM25). This

strain showed high level of nitrogenase activity, strongly

solubilized P, and produced IAA. Despite the fact that

B. cepacia did not show any disease symptoms in rice, it is an

opportunistic and potential human pathogen, and therefore, it

would be necessary to test its pathogenicity before exploiting

its beneficial characters for other crop plants.
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