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Nine fast-growing bacteria were isolated from mung bean nodules and characterized with plant growth
promoting properties. All the isolated bacteria were able to colonize mung bean root at varying level of
3 x 10° to 3 x 10" cfu (0.1 mg)™ root, whereas, bacterial isolates M2, M4, M5 and M6 showed high biofilm
formation ability on abiotic surface. None of them was able to nodulate mung bean plant when
reinoculated. Bacterial isolate M2 was found to be an efficient indole acetic acid producer (28.3 pg mL™),
whereas M6 was an excellent phosphate solubilizer (21.8 pg mL™). Two isolates, M1 and M3, were able
to fix nitrogen. 16S rRNA gene sequence analysis of potential isolates revealed that bacterial isolates
M2 and M6 showed maximum similarity with Bacillus subtilis, M4 with Bacillus simplex and M5 with
Agrobacterium tumefaciens. Further, the impact of co-inoculation of these non-rhizobial bacteria with
Bradyrhizobium sp. MN-S on nodulation, plant growth and grain yield of mung bean was also assessed.
Generally, co-inoculation significantly improved nodulation and grain yield compared with
Bradyrhizobium sp. MN-S alone inoculation. The enhancement due to co-inoculation in nodule number
and nodule dry weight was 78 and 127%, respectively when compared with the Bradyrhizobium sp. MN-
S alone. Co-inoculation combination of Bradyrhizobium sp. MN-S with B. subtilis M6 performed best by
increasing 22% grain yield, while the rest combinations also benefited plants non-significantly. The
results show that non-rhizobial plant growth promoting bacteria improve nodulation and grain yield of
the legumes upon co-inoculation with crop specific rhizobia.
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INTRODUCTION

Mung bean [Vigha radiata (L.) Wilczek], is one of the
important and well-known economic crops extensively
cultivated in Asia during warm season. It has gained key
importance in intensive crop production because of its
short growing period and better storage ability. Mung
bean not only has great dietary value due to its high
protein contents but also improve soil fertility by fixing
atmospheric nitrogen into available form by establishing a
cooperative interaction with soil bacteria. Soil bacteria
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generally associated with legumes include Rhizobium,
Bradyrhizobium, Ensifer, Mesorhizobium and
Azorhizobium, collectively called rhizobia, more specifi-
cally a-rhizobia. Rhizobia infect plants, leading to the root
nodule formation. Rhizobia belong to the genus
Bradyrhizobium symbiotically associated with mung bean,
which results in the nodule formation. Generally,
Bradyrhizobium nodulates soybean, siratro, Vigna sp.,
Lespedeza sp. etc. (Appunu et al., 2009; Melchiorre et al.,
2010).

Root nodules also accommodate various non-rhizobial
bacteria having definite influence on the survival,
nodulation and grain yield of the crop (Remans et al.,
2008). This influence may be passive, but most often



non-rhizobial bacteria synergistically act with rhizobia and
enhance nodulation and grain yield possibly by indole
acetic acid (IAA) production, phosphate solubilization,
fixing nitrogen, siderophore production, etc. (Mishra et al.,
2009; Rajendran et al., 2008). Rhizosphere competence
is one of the most important character of plant growth
promoting rhizobacteria (PGPR), which enable bacteria
to resist the stressed environment and exclude
pathogens from rhizosphere (Compant et al., 2005;
Chauhan and Nautiyal, 2010).

Symbiotic effectiveness of rhizobial inoculants for a
wide variety of legumes can be improved by co-
inoculation with suitable non-rhizobial plant growth
promoting bacteria (PGPB) (Lazdunski et al., 2004). Co-
inoculation of PGPB with crop specific rhizobia improves
root infection which results in better nodulation and grain
yield e.g., Agrobacterium sp. helps Bradyrhizobium sp. in
infecting root and ultimately developing nodule (Hameed
et al., 2004). Similarly, co-inoculation of Pseudomonas
with rhizobia enhance nodulation, nitrogen fixation, plant
biomass and grain yield in various leguminous crops
such as alfalfa, pea, soybean, green gram and chickpea
(Mishra et al., 2009). Co-inoculation of rhizobia with
Bacillus, specifically Bacillus thuringifensis, Bacillus
megatrium and Bacillus cereus significantly promotes
nodulation, plant growth and grain yield (Halverson and
Handelsman, 1991; Mishra et al., 2009). Moreover,
bacteria belonging to Burkholderia, Azotobacter,
Azospirillum, Enterobacter and Kurthia have also been
evaluated for their co-inoculation efficacy with rhizobia
and were found to improve plant growth (Pandey and
Maheshwari, 2007). Recently, co-inoculation of
arbuscular mycorrhizae with Bradyrhizobium sp. proved
to be very helpful in improving mung bean growth
(Yasmeen et al., 2012a, b).

Keeping in view the above facts, the objective of this
study was to isolate and characterize non-rhizobial
nodule endophytic bacteria from mung bean and to find
out their effectiveness in nodulation and grain yield im-
provement upon co-inoculation with mung bean specific
Bradyrhizobia as well as study their utility as biofertilizers
for crop improvement.

MATERIALS AND METHODS

Bradyrhizobium strain MN-S, previously isolated from mung bean,
was obtained from the BIRCEN culture collection, Plant Micro-
biology Division, National Institute for Biotechnology and Genetic
Engineering (NIBGE), Faisalabad, Pakistan. Mung bean (V. radiata
L.) cultivar MN-92 seeds were obtained from Nuclear Institute of
Agriculture and Biology (NIAB), Faisalabad, Pakistan.

Isolation of nodule endophytic bacteria

Mung bean plants grown in the field of NIBGE, Pakistan were
sampled for bacterial isolation at nodulation stage (35 days after
germination). Roots were washed thoroughly with tap water to
remove soil. About 10 nodules were detached from the roots.
Surface sterilization was carried out by immersing intact and
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undamaged nodules in ethanol for 15s and then transferred to a
3% solution of calcium hypochlorite for five minutes and rinsed in
five changes of sterile water. Surface sterilization of nodules was
tested by incubating nodules on yeast extract mannitol (YEM)
medium plates up to seven days at 28 + 2°C. Surface sterilized
nodules were crushed to prepare a suspension aseptically with a
few drops of sterile water in a Petri dish. Nodule suspension was
plated on Congo red YEM (CR-YEM) agar plates and incubated at
28 + 2°C. After 24 h, the isolated bacterial colonies showing
different morphotypes were selected and sub-cultured until the
purity of cultures was confirmed (Marsudi et al., 1999). Pure
cultures were stored in 20% glycerol at -80°C. Gram reaction was
performed according to Vincent (1970).

Nodulation assay

Nodulation assays were performed according to Ma et al. (2003)
with some modifications. All the nodule endophytic bacteria were
grown individually in Lauria Bertani (LB) broth, and maintained at
10° cfu mI™* in sterile water. Seeds of mung bean cv. NM-92 were
surface sterilized with 0.1% mercuric chloride for 5 min and washed
extensively with sterile water. Surface sterilized seeds were allowed
to germinate in dark room at 25 = 2°C on maoist filter paper kept in
sterile Petri plates containing 15 seeds. Germinated seedlings (1
cm) were inoculated by dipping in each type of endophytic bacteria,
separately. Inoculated seedlings were transplanted in the sterilized
assemblies of magenta boxes containing vermiculite-perlite (ratio
1:1 v/v) and incubated at 30 + 2°C (day) and 20 + 2°C (night) for
long day photoperiod (16 h of light per day). Plants were watered
with quarter strength nitrogen free Hoagland solution. After five
weeks, plants were observed for nodulation.

Indole acetic acid production

Detection and quantification of IAA production by the non-rhizobial
bacterial isolates was carried out by growing cultures in LB broth
supplemented with tryptophan (100 mg L™) as the precursor of IAA.
After one week of growth, qualitative estimation of IAA was
assessed by Fe-HCIO, and Fe-H,SO, reagents producing pink
color. IAA was quantified by ethyl acetate oxidation method
(Zakharova et al.,, 1999) using high performance liquid chroma-
tography (HPLC) using Turbochom software (Perkin Elmer USA).

Phosphate solubilization

For phosphate solubilization study, a single colony of each bacterial
culture grown from LB plate was streaked on to Pikovskaya’s plate
containing tricalcium phosphate (Pikovskaya 1948) and incubated
at 25 + 2°C for seven to 10 days. The plates were observed for
clear phosphate solubilization zone around colonies. Phosphate
solubilization was quantified by Phospho-molybdate blue color
method using spectrophotometer (Nair et al., 2007).

Nitrogen fixation

Nitrogen fixation ability of the non-rhizobial bacteria was assessed
by inoculating single colony in 5 ml semisolid nitrogen free media
(NFM) in 15 ml vials and incubated at 28 + 2°C for 48 h. Acetylene
(10% v/v) was injected into the vials. After incubation for 16 h at
room temperature, gas samples (100 pl) were analyzed on a gas
chromatograph (Thermoquest, Trace G.C, Model K, Rodono Milan,
Italy) using a Porapak Q column and a H; -flame ionization detector
(FID). Nitrogenase activity was measured as described by Hameed
et al. (2004).
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Root colonization

Bacterial isolates were also studied for the potential of colonization
on the mung bean roots. 10 days old plants grown under aseptic
conditions were harvested and the roots were cut into 1.5 cm
segments. Pieces of uniform shape and size were placed into the
96-wells of a microtiter plate. 200 pl of bacterial culture maintained
at ODgoo = 0.2 were added to the wells and the plates were
incubated at 28°C for 48 h. After the incubation period, the root
pieces were removed from the cultures, washed with sterile water,
and then added to 1 ml sterile water. Bacterial biofilms were
removed from the root surface and dispersed in sterile water by
vigorous shaking. An aliquot (100 pl) of the dispersed preparation
was plated on LB agar and the colony forming units (cfu) were
counted after five days as cfu 0.1 mg™ root.

Biofilm formation

Biofilm formation was studied on abiotic surface by a microtiter
plate assay according to Fujishige et al. (2006) with some
modifications. The bacterial cultures were grown up to an optical
density at A600 nm (ODew) = 2.0 in LB broth, pelleted by
centrifugation at 8,000 rpm for 2 min, and washed with sterile
distilled water. The cells were resuspended in the same medium
and maintained at ODgoo = 0.2. An aliquot (150 pl) of bacterial cell
suspension was added to individual wells in a 96-well polyvinyl
chloride (PVC) plate (Fisher, USA). LB alone was used as the
control. The plates were covered with plastic lids and incubated at
28°C for 48 h. After the incubation period, the medium was
removed and the wells were washed with sterile water. The plates
were allowed to dry and the wells were treated with 150 pl of
0.001% crystal violet for 15 min. The excess dye was removed and
the wells were washed with sterile water. The retained stain was
solubilized with 150 pl of 95% ethanol and the amount of dye was
quantified by measuring the absorbance at 570 nm on micro-plate
reader.

Phylogenetic identification

Total genomic DNA of bacterial strains M2, M4, M5 and M6 was
isolated by the alkaline lysis method (Maniatis et al., 1982) with
slight modifications. The primers used for amplification of full length
16S rRNA gene were universal primer P1 (forward primer, 5° -
CGGGATCCAGAGTTTGATCCTGGTCAGAACGAACGCT- 3%) and
P6 (reverse primer, 5 - CGGGATCCTACGGCTACC-
TTGTTACGACTTCACCCC- 3), which correspond to Escherichia
coli positions 8 to 37 and 1479 to 1506, respectively, and amplifies
1500 bp fragment (Tan et al., 1997). Each 25 pl of reaction mixture
contained 1 U of Taq Polymerase (Promega), 2.5 pl 10x PCR buffer,
2 ul MgCly, and 1 pl ANTPs (2.5 mM), 1 ul of each primer (100 ng
ut) and 1 pl template DNA (12.5 ng pl™). Reaction mixture (25 pl),
prepared for 16S rRNA gene amplification was initially denatured at
94°C for 2 min followed by 25 cycles consisting of denaturation at
94°C for 60 s, primer annealing at 52°C for 60 s and primer
extension at 72°C for 3 min and finally, extension at 72°C for 20 min
in a thermal cycler. The amplified 16S rRNA gene was ligated in TA
cloning vector pTZ57R/T (Fermentas), which has 2886 bp length. In
the case of pTZ57R/T vector, 30 pl ligation reaction was prepared
in sterile water with 1.5 pl T4 DNA ligase, 3 pl ligation buffer, 3 pl
pTZ57R/T vector (Fermentas), 3 ul of PEG 4000 and 4 pl amplified
DNA in 1.2 ml tube. Ligation was performed overnight in water bath
at 16°C. Plasmid extraction of recombinant transformants was
carried out using GeneJET Plasmid Miniprep Kit (Fermentas) and
clones were confirmed by restriction analysis using EcoRI and Pstl
(Fermentas). PCR products and clones were resolved on 1%
agarose gel and GeneRuler™ 1kb ladder #SM0313 was used as
DNA size marker.

Cloned PCR products were sequenced on ABI Prism 3100 Genetic
Analyzer (Hitachi, Japan) using Big Dye Terminator v 1.1 Cycle
Sequencing Kit. 16S rRNA gene sequences of all the four bacterial
strains were compared with database sequences using Basic Local
Alignment Search Tool (BLAST) at http://www.ncbi.n1lm.nih.gov/
blast/Blast.cgi.

In vitro microbial compatibility assay

The overlay plate technique was used to access the compatibility of
microbial inoculants by growing non-rhizobial bacteria in the
presence of Bradyrhizobium sp. MN-S according to Mrabet et al.
(2006) with some modifications. 3 ml of log phase 9rown culture of
Bradyrhizobium sp. MN-S maintained at 10* cfu mI™ in sterile water
was mixed in 22 ml molten hand cool LB agar and poured in Petri
plate. Plate was incubated at 28 + 2°C for 24 h and then 5 pl of
saturated culture (10° cfu mL™) of each non-rhizobial bacterial strain
was inoculated in the center of Bradyrhizobium sp. MN-S plate,
separately. Zone of inhibition was measured after five days of
incubation at 28 + 2°C. Each non-rhizobial strain was tested in
triplicate for in vitro compatibility.

Control condition experiment

Culture of all the tested strains were grown individually in LB broth
and maintained at 10° cfu mL™ in sterile water. Each of the four
non-rhizobial culture was mixed with the Bradyrhizobium sp. MN-S
at equal concentration (ratio 1:1 v/v) in sterile tubes, so that cell
concentration of 10° cfu mL™ in sterile water remains maintained.
Mild inoculum strength, 10° cfu mI™ was selected, as higher cell
densities may have an inhibitory effect on nodulation and plant
growth (Mishra et al., 2009). On the other side, mung bean seeds
cv. NM-92 were surface sterilized with 0.1% mercuric chloride for
10 min and washed extensively with sterile water. Surface sterilized
seed were allowed to germinate in dark room at 25 + 2°C on moist
filter paper kept in sterile Petri plates containing 15 seed.
Germinated seedlings were subjected to all the four co-inoculation
combinations: M2 + Bradyrhizobium sp. MN-S, M4 +
Bradyrhizobium sp. MN-S, M5 + Bradyrhizobium sp. MN-S and M6
+ Bradyrhizobium sp. MN-S, Bradyrhizobium sp. MN-S alone
(positive control) and sterile water (without inoculation, negative
control). The coated seedlings were planted in sterile growth
pouches containing 5 ml quarter strength nitrogen Hoagland
solution. Growth pouches were incubated in growth chamber at 30
+ 2°C day and 20 = 2°C night for long day photoperiod. The
experiment was performed in triplicate and the plants were
harvested after six weeks. Nodulation parameters: nodule number
per plant, nodule dry weight per plant and total plant dry weight
were determined and subjected to statistical analysis.

Field experiment

Mung bean field experiment was also conducted in spring 2008. A
randomized complete block design (RCBD) based experiment was
performed with the six above mentioned treatments and three
replicates. 10 mL inoculum of each treatment maintained at 10° cfu
mL* in sterile water was applied on 100 g surface sterilized seed.
The seeds were sown by hand drill in a plot of 2 x 6 m in triplicate
and the field was watered when required. Nodulation was recorded
after six weeks. Mature plants were harvested after 90 days and
grain yield was determined.

Statistical analysis

Data was analyzed statistically using CoStat window version
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Table 1. Characterization of nodule endophytic bacteria for plant growth promoting attributes.
Isolat Col hol Cell Gram IAA Production Phosphate
solate  Lolony morphology morphology  reaction (Mg mL™) solubilization (g mL")
M1 Round, large, smooth, white Small rods -ve + 9.2+0.6 6.92 + 0.63
M2 Round, small, wavy, dark creamy Medium rods +ve _ 28.3+4.7 18.1+0.8
M3 Round, small, smooth, creamy Small rods -ve + 32.92+0.7 11.61 £0.46
M4 Round, large, wavy, dark creamy Medium rods -ve _ 3.4+£0.3 44+05
M5 Round, small, smooth, dark creamy  Small rods +ve _ 22+03 13.8+1.1
M6 Round, small, wavy, dark creamy. Medium rods +ve _ 26.5+2.1 21.8+2.7
M7 Round, medium, smooth, creamy Small rods -ve _ 10.94+£0.74 6.77 + 0.47
M8 Round, large, wavy, white Small rods -ve _ 17.2+0.98 6.78 £0.45
M9 Round, large, wavy, dark creamy Small rods -ve _ 1.02 + 0.08 6.79+0.48
Each value represents mean + standard error; ARA, acetylene reduction assay; IAA, indole 3-acetic acid.
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Figure 1. Colonization efficiency of nodule endophytic bacteria on plant root. Each value is plotted as the mean + SE (n = 3).

computer program. The least significant difference (LSD) at 5%
level of probability was used to test the differences among mean
values (Steel and Torrie, 1980).

RESULTS

In this study, nine bacteria were isolated from the mung

bean nodules on the basis of different colony morphology.

The colonies appeared over night, suggesting that they
are non-rhizobial in nature, as even fast growing rhizobia
appear after 48 h of incubation (Marsudi et al., 1999).
Selected bacterial isolates also strongly picked Congo
red dye on CR-YEM agar plate, which was a second line
of evidence showing that isolated bacteria are non-
rhizobial (Kneen and Larue, 1983). Furthermore, bacterial
isolates failed to nodulate plant in nodulation assay. All
bacterial isolates showed much variation in colony and

cell morphology (Table 1). Three out of nine isolates were
Gram positive, while six were Gram negative.

All the non-rhizobial isolates were able to produce I1AA
at various levels (Table 1). Isolate M2 produced
maximum amount of IAA (28.3 + 4.7 pg mL™), whereas
M5 strain produced least quantity of IAA (2.2 £ 0.3 ug mL"
). All bacterial strains were also able to solubilize
phosphate ranging from 4.4 to 21.8 ug mL™ (Table 1).
Two bacterial isolates, M1 and M3 were able to fix
nitrogen in acetylene reduction assay.

Further, these bacterial isolates were checked for mung
bean root surface colonization. All the isolates showed
very high colonization on mung bean root surface. Simi-
larly, equal efficient biofilm formation ability on the abiotic
surface (polyvinyl chloride) was also observed. Overall,
bacterial isolates, M2, M4, M5 and M6 showed high
efficiency in colonization on roots and biofilm formation
on abiotic surface (Figures 1 and 2).
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Figure 2. Biofilm formation efficiency of nodule endophytic bacteria on abiotic surface (PVC). Each value is plotted as the mean

+ SE (n =16). PVC, Polyvinyl chloride.

Table 2. Effect of co-inoculation of Bradyrhizobium sp. MN-S and non-nodulating endophytic bacteria on nodulation and

plant growth of mung bean under control conditions.

Nodule number

Treatment

Nodule dry wt. Total plant dry wt.

plant™ plant™ (mg) (mg)
Bradyrhizobium sp. MN-S 34 +3.1° 3.9+0.61° 407.3 + 38™
Bradyrhizobium sp. MN-S + Isolate M2 53 +6.1%° 6.4+0.67° 504 + 6.1%°
Bradyrhizobium sp. MN-S + Isolate M4 45.7 +5.3" 4,13 +£0.71° 314 +62.1°
Bradyrhizobium sp. MN-S + Isolate M5 54.7 + 4.1%° 6.8 +0.74° 406 + 11.2
Bradyrhizobium sp. MN-S + Isolate M6 60.7 + 6.8° 8.87 £0.14% 552.7 + 39.1%
Uninoculated control 0d 0d 328.7 + 36.7°
LSD (P=0.05) 12.3 1.42 94.2

LSD, Least significant difference; each value represents mean * standard error (n = 3). Values followed by the different letters

in same column indicate significant difference.

Potential bacterial isolates, M2, M4, M5 and M6, were

phylogenetically identified by 16S rRNA gene sequencing.

DNA fragments of ~1500 bp were amplified using primers
P1 and P6 set. The DNA fragments were cloned in vector
pTZ57R/T. When the clones were restricted with EcoRl
and Pstl, DNA fragment of ~2900 and 1500 bp appeared,
which revealed that 16S rRNA fragments of tested
bacteria do not have EcoRI and Pstl restriction site. The
16S rRNA gene sequence analysis revealed that non-
rhizobial bacterial strains M2 and M6 have 99%
homology with Bacillus subtilis. Strain M4 showed 100%
sequence similarity to Bacillus simplex, while strain M5
showed 99% similarity to Agrobacterium tumefaciens.
16S rRNA gene sequences of almost full length of
bacterial strains M2, M4, M5 and M6 were deposited at
NCBI GenBank under the accession numbers EF443161,
EF443162, EF443163 and EF443164, respectively.

In vitro compatibility assay showed that the selected
bacterial isolates were able to grow in the presence of
Bradyrhizobium sp. MN-S as the mats of both cultures in
each treatment was touching each other and there was
no inhibition zone between the edges/boundaries of
dually platted cultures. There was no inhibitory effect of
any of the tested non-rhizobial bacteria on
Bradyrhizobium sp. MN-S or vice versa. The results
suggest the use of these non-rhizobial bacteria for co-
inoculation studies with Bradyrhizobium sp. MN-S in
mung bean crop.

In growth pouch experiment, highly significant
difference in nodule numbers was observed among
treatments at a confidence level of 0.001 (Table 2).
Microbial consortia of Bradyrhizobium sp. MN-S + B.
subtilis M6 significantly increased nodule number per
plant (60.7), which is 78% higher as compared to the
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Table 3. Effect of co-inoculation of Bradyrhizobium sp. MN-S and non-nodulating endophytic bacteria on nodulation and plant

growth of mung bean under field conditions

Treatment Nodule number  Nodule dry weight Grain yield Grain yield

plant™ plant™(mg) (kg ha™) increase (%)
Bradyrhizobium sp. MN-S 39.3+5.2° 12.4+1.3° 1216 + 112° 0
Bradyrhizobium sp. MN-S + Isolate M2 49.7 + 4.7 16.3+2.1° 1461 + 105% 20
Bradyrhizobium sp. MN-S + Isolate M4 51 +5.1% 11.9+2.2° 1219 + 72° 0.25
Bradyrhizobium sp. MN-S + Isolate M5 58.7 + 8.8° 15.9+25° 1335 + 81% 10
Bradyrhizobium sp. MN-S + Isolate M6 61 +8.2% 20.3+3.9% 1478 + 108° 22
Uninoculated control 22 £5° 6.5+1.1% 947 £ 79° -22
LSD (P=0.05) 17.5 2.85 238

LSD, Least significant difference; each value represents mean *
column indicate significant difference.

treatment of Bradyrhizobium sp. MN-S alone (34). A.
tumefaciens M5 and B. subtilis M2 upon co-inoculation
with Bradyrhizobium sp. MN-S was also reasonably
beneficial to increase nodule number, producing 55 and
53 nodules per plant, respectively. Nodule dry weight was
also significantly different upon inoculation of various
treatments at a confidence level of 0.001. A similar trend
for nodule number in nodule dry weight was noticed
(Table 2). Bradyrhizobium sp. MN-S + B. subtilis M6
significantly promoted nodule dry weight per plant (8.87
mg), which is 127% higher as compared to the
inoculation of Bradyrhizobium sp. MN-S alone (3.9 mg).
As far as plant yield is concerned, there was a highly
significant effect of inoculation on plant dry weight (Table
2). A maximum increase of 36% in plant dry weight was
recorded upon inoculation of Bradyrhizobium sp. MN-S +
B. subtilis M6 as compared to the Bradyrhizobium sp.
MN-S alone. It was noted that plant dry weight is
somehow independent on nodulation as bacterial
consortia of Bradyrhizobium sp. MN-S + B. simplex M4
showed reasonably good nodulation, but plant yield was
lower than un-inoculated control and the Bradyrhizobium
sp. MN-S alone treatment as well, which was poorly
nodulated.

Under field conditions, nodulation trend was almost
similar with that of control condition experiment. A
significant difference in grain yield was observed among
the inoculation treatments in field trail at a confidence
level of 0.01 (Table 3). Co-inoculation combination,
Bradyrhizobium sp. MN-S + B. subtilis M6 remarkably
improved grain yield to 1478 kg ha™, which is 22% higher
than the Bradyrhizobium sp. MN-S alone (1216 kg ha™)
and 44% higher than the un-inoculated control (947 kg
ha™). Co-inoculation combination, Bradyrhizobium sp.
MN-S + B. simplex M4 was found to be least effective.

DISCUSSION

PGPB is a group of soil bacteria which promote plant

standard error (n = 3). Values followed by the different letters in same

growth by developing a positive relationship with roots
(Tarig et al., 2010), while rhizobia is a subdivision of
PGPB, which establish a symbiotic relationship with
legume and results in the root nodule development.
Occurrence of bacteria other than rhizobia in root nodule
was first reported by Beijerinck and Van Delden (1902) in
the clover plant and identified as Agrobacterium
radiobacter. Mung bean nodule contains 90% of the
analyzed strains which belonged to Bradyrhizobium
japonicum, Bradyrhizobium liaoningense, Bradyrhizobium
yuanmingense and Bradyrhizobium elkanii, while the rest
belong to Sinorhizobium and Rhizobium (Zhang et al.,
2008). In this study, we isolated nine fast growing
bacterial morphotypes from the mung bean nodule.
These bacterial isolates were found to be non-rhizobial,
as they were unable to infect roots and develop nodules
on mung bean. These bacterial isolates were
characterized for plant growth promoting attributes
including IAA production, phosphate solubilization, N-
fixation, rhizosphere competence and biofilm formation.
Potential bacterial strains were phylogenetically identified
by 16S rRNA gene sequencing, showing maximum
similarity with B. subtilis, B. simplex and A. tumefaciens.
We speculated that these non-rhizobial bacteria infected
nodules by the crack entry. Previously, Zakhia et al.
(2006) reported that various non-rhizobial bacteria inhabit
nodule and infect nodule by crack entry. Bacillus is
known for its endophytic nature in various legume and
non-legume crops (Bai et al., 2002; Zakhia et al., 2006).
Bacillus sp. has been isolated from the nodule of
common bean and soybean. Selvakumar et al. (2008)
isolated Bacillus thuringiensis from the root nodule of
leguminous vine Kudzu (Pueraria thurbegiana), which is
in conformity with our results, as these Bacillus sp. was
able to produce IAA, solubilize phosphate and thus
promote plant growth. Recently, Yu et al. (2009) reported
the isolation of copper resistant Agrobacterium from
nodules of Lespedeza cuneata. It is believed that non-
rhizobial Agrobacterium-like strains enter nodule during
the infection of rhizobia and are able to maintain its high
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density (Mhamdi et al., 2002). These evidences of occur-
rence of Bacillus and Agrobacterium in the nodule
support our findings.

There is a large body of literature showing that bacteria
function less as individuals and more as consortia
(Lazdunski et al., 2004). Various studies have shown that
co-inoculation of rhizobia with Bacillus remarkably
enhanced nodulation and growth of legume crops (Elkoca
et al., 2008). In this study, we initially tested bacterial
combinations for antibiosis and found that all the isolated
Bacillus sp. and Agrobacterium sp. were compatible with
Bradyrhizobium sp. MN-S. Our results are in line with the
findings of Mishra et al. (2009) and Mrabet et al. (2006),
who observed no inhibitory effect of Agrobacterium and
Bacillus sp. on the growth of rhizobia. Co-inoculation
significantly improved nodulation and plant dry weight
under control condition experiment (Table 2). The results
of nodulation and plant dry weight reveal an independent
relationship between these parameters. Our results are in
line with Dakora and Atkins (1990) who also reported
such an independent relationship between nodule dry
matter and plant yield in cowpea. Co-inoculation of B.
subtilis M6 and B. subtilis M2 with Bradyrhizobium sp.
MN-S significantly promoted nodulation and grain yield of
mung bean as compared to Bradyrhizobium sp. MN-S
alone, while combination of B. simplex M4 could not
significantly improve nodulation and grain yield (Table 2).
Co-inoculation of B. subtilis M6 + Bradyrhizobium sp.
MN-S significantly promoted nodulation (78%) and grain
yield (22%) of mung bean as compared to
Bradyrhizobium sp. MN-S alone. Previously, Tilak et al.
(2006) reported a similar enhancement in nodulation and
grain yield in pigeon pea (Cajanus cajan). Improved
nodulation and plant growth might be due to the high IAA
production by these bacterial isolates which is required
for the the early steps of nodulation and root elongation
(van Noorden et al., 2008). Moreover, the selected
bacterial isolates were also able to solubilize phosphate
which is one of the limiting factors for plant growth in the
soil of Pakistan (Mahmood-ul-Hassan et al., 1993),
specifically B. subtilis M2 and M6 showed very high
potential for phosphate solubilization. Better biofilm
formation and root colonization efficiency might also
benefit plant as these attributes ensure rhizosphere
competence of microbe (Bloemberg and Lugtenberg,
2001; Lagendijk et al., 2010). Among Bacillus species, B.
subtilis and Bacillus magetrium are found to be best
studied for co-inoculation with rhizobia and were
significantly beneficial to legume crops (Elkoca et al.,
2008; Kumar and Chandra, 2008). Some researchers
showed that combination of dual inoculation neither
induced root hair proliferation nor enhanced nodulation
(Sirnivasan et al.,, 1996). Previously, co-inoculation
strategy was found to be very effective in the case of
Azospirillum sp. + rhizobia, promoting grain yield to 54
and 29% in wheat and common bean, respectively
(Askary et al., 2009). As far as co-inoculation of

Agrobacterium sp. M5 with Bradyrhizobium is concerned,
this study describes the beneficial impact of its co-
inoculation on nodulation and grain yield. Previously,
Mhamdi et al. (2005) observed that co-inoculation of
Agrobacterium and Rhizobium enhanced neither
nodulation nor grain yield of common bean. Recently,
they noticed an adverse effect of Agrobacterium on the
growth of Rhizobium and subsequently on nodulation and
plant growth (Mrabet et al., 2006). Our positive results
might be due to IAA production, phosphate solubilization
and in vitro compatibility of A. tumefaciens M5 with
Bradyrhizobium sp. MN-S. Previously, we reported the
co-occupancy of Agrobacterium Ca-18 with
Bradyrhizobium TAL-102 in cowpea nodules (Hameed et
al., 2005).

Microbial consortia behave synergistically by con-
siderably increasing the amount of solubilized nutrients,
IAA production, and ultimately promoting nodulation and
plant yield (Mishra et al., 2009; Pandey and Maheshwari,
2007). In this study, we found that Bacillus sp. endo-
phytically colonize root nodules and upon co-inoculation
with Bradyrhizobium, it significantly promote nodulation
and grain yield of mung bean as compared to the
inoculation of Bradyrhizobium alone. Microbial consortia
of B. subtilis with Bradyrhizobium sp. MN-S was excellent,
whereas the rest of the tested microbial combinations
were also marginally beneficial to plant. The above
findings suggest that B. subtilis upon co-inoculation with
crop specific rhizobia significantly promoted nodulation
and grain yield, and can be used as biofertilizer for a wide
variety of legume.
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