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In this study, we have shown that the plant growth promoting bacterial strain NBRI K24 and strain NBRI
K3 from fly ash (FA) contaminated soil reduce the toxicity of Ni and Cr in Brassica juncea (Indian mustard)
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and promote plant growth under pot culture experiments. Isolated strains NBRI K24 and NBRI K3 were
characterized based on the 16S rDNA sequencing and identified as Enterobacter aerogenes and Rahnella
aquatilis respectively. Both the strains were siderophore producing and found capable of stimulating plant
biomass and enhance phytoextraction of metals (Ni and Cr) from FA by metal accumulating plant i.e. B.
juncea. Concurrent production of siderophores, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase,
indole acetic acid (IAA) and phosphate solubilization revealed their plant growth promotion potential.
rassica juncea

. Introduction

Despite of other energy sources, coal still continues to be a
ajor source of energy in India. More than 70% of energy is gen-

rated today by coal-based thermal power plants. Since Indian coal
ontains around 40% ash, these power plants generate enormous
mounts of fly ash which is dumped in the near by areas. As per
vailable estimate, the production of coal ash in India, including
oth fly ash and bottom ash, is likely to touch 140 million tons per
ear by 2020 [1]. The disposal of such a huge amount of FA is one
f the major problems of developing countries and is usually dis-
osed in basins or landfills near the power plants. The use of fly ash
o vegetate the landfill areas is an alternative for FA management,
hich will serve for both the stabilization and providing a pleasant

andscape [2,3].
Fly ash is largely alkaline in nature and contains many essential

lements like S, B, Ca, Mg, Fe, Cu, Zn, Mn and P along with toxic
etals, such as Cr, Pb, Hg, Ni, As, Cd etc. [4–6].

FA application to soil at a low rate has been reported to promote

he growth of the plants through improvement of soil conductivity,
rganic carbon, microbial activity, soil porosity and water holding
apacity [7,8]. This raises the possibility of using phytoremedia-

Abbreviations: FA, fly ash; ACC, 1-aminocyclopropane-1-carboxylic acid; IAA,
ndole acetic acid; NTPP, National Thermal Power Plant; LB, Luria-Bertani agar;
LAST, basic local alignment and search tool; GS, Garden soil; PGPB, plant growth
romoting bacteria.
∗ Corresponding author. Tel.: +91 522 2205847; fax: +91 522 2205848.

E-mail addresses: vkumar78@gmail.com, kalpna529@gmail.com (K.V. Kumar).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.04.132
© 2009 Elsevier B.V. All rights reserved.

tion as an applicable technology to remediate the FA contaminated
areas as well as to restore these for beneficial purposes [9,10]. Cur-
rently there are number of reports available on metal accumulating
plants that are used in removing toxic metals from the soil [11–13].
Amongst the metal accumulators, B. juncea is one of the promis-
ing and widely studied plants for extraction of heavy metals from
contaminated sites [14].

The efficiency of phytoaccumulation may not only depend
on the plant itself but also on the interaction of the plant
roots with microbes and the concentrations of bio-available met-
als in soil [15]. Certain rhizosphere bacteria have exceptional
ability to promote the growth of the host plant by various
mechanisms, namely fixation of atmospheric nitrogen, utiliza-
tion of 1-aminocyclopropane-1-carboxylic acid (ACC) as a sole
N source, production of siderophores, or production of plant
growth regulators (hormones) [16]. In addition, many microor-
ganisms in the soil are able to solubilize “unavailable” forms
of heavy metal-bearing minerals by excreting organic acids [17].
Therefore, improvement of the interactions between plants and
beneficial rhizosphere microbes can enhance biomass production
and tolerance of the plants to heavy metals, and are considered
to be an important component of phytoremediation technology
[11].

Although a lot of works have been done on the use of fly ash
as a soil amender to boost up crop production due to presence of

some essential element in fly ash [18], only a few reports are avail-
able on the microbe-assisted remediation of metals from wastes
to check surface and ground water metal contamination. Hence,
this study was planned to investigate the effect of metal tolerant,
plant growth promoting bacteria Enterobacter aerogenes strain NBRI

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vkumar78@gmail.com
mailto:kalpna529@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.04.132
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24 and Rahnella aquatilis strain NBRI K3 on B. juncea grown in FA
mended soil.

. Materials and methods

.1. Isolation of chromium and nickel resistant bacteria from FA

E. aerogenes strain NBRI K24 and R. aquatilis strain NBRI K3
ere isolated from the soil samples collected from FA contami-
ated region near National Thermal Power Plant (NTPP), Raibarielly
istrict, Uttar Pradesh, India. For isolation of resistant bacterial
trains, serially diluted samples were plated on Luria-Bertani (LB)
gar medium supplemented with 50 mg L−1 level of heavy met-
ls as K2Cr2O7 and NiCl2·6H2O. Plates were incubated at 35 ◦C for
8 h to screen metal resistant colonies. Chromium and nickel resis-
ant colonies were subsequently purified on the same media and
tored at 4 ◦C. To check the extent of resistance, selected strains
ere grown in LB agar media containing different concentrations

f Cr and Ni ranging from 100 to 800 mg L−1 [19]. In addition to
eing resistant to nickel and chromium, both the strains possesses
CC deaminase and siderophore producing activity. The strains
esistant for 50 �g mL−1 of rifampicin, were used as selection
arker.

.2. DNA isolation and PCR amplification of 16S rDNA for genetic
haracterization of bacterial strains

The strains were identified by determination of 16S rDNA
equences. Total genomic DNA was extracted by the phe-
ol/chloroform method described by Sambrook et al. [20] and
mplified using polymerase chain reaction (PCR) amplification of
he 16S ribosomal DNA (16S rDNA). Universal eubacterial primer
et fD1 and rP2 [21] were used. The amplification reaction was
ycled at 94 ◦C for 1 min; 50 ◦C for 1 min and 72 ◦C for 1 min for
5 cycles. After amplification the reaction product was analyzed on
% agarose gel using minieluteTM PCR purification kit (Qiagen, USA).
he sequence data were then compared to similar sequences in the
atabase using BLAST analysis (Basic local alignment and search
ool, BLAST at NCBI).

.3. Analysis of FA and GS

FA used in the present study was collected randomly from
umping sites of NTPP, Raibarielly, Uttar Pradesh, India. The Garden
oil (GS) was collected from National Botanical Research Insti-
ute (NBRI), Lucknow (India). Before making various amendments,
A and soil were air dried and sieved with 2 mm mesh size.
hysico–chemical analysis of FA and GS were done by procedures
escribed by Kalra and Maynard [22]. For metal analysis oven-dried
amples of FA and soil (1 g) were digested with a mixture of nitric,
ulphuric and perchloric acid (6:1:2 by volume) at 100 ◦C. Digested
aterial was diluted with double distilled water and Fe, Zn, Mn, Cr

nd Ni contents were analyzed using a Perkin Elmer (8500) atomic
bsorption spectrophotometer.

.4. Phosphate solubilization, IAA and siderophore production
.4.1. Phosphate solubilization
The bacterial cultures were grown in NBRIP medium [23] with

.5% of tri calcium phosphate at 30 ◦C for 144 h at 200 rpm. The cul-
ure supernatants were collected by centrifugation at 8000 rpm for
0 min. Soluble phosphate in the culture supernatants were deter-
ined by using the vanadomolybdophosphoric acid colorimetric
ethod [24].
us Materials 170 (2009) 51–57

2.4.2. IAA
IAA production was determined according to the method of

Bric et al. [25]. Briefly, an aliquot of 2 mL supernatant obtained
from bacterial cultures grown in Luria-Bertani’s medium supple-
mented with tryptophan (500 �g mL−1), was mixed with 100 �L of
10 mM orthophosphoric acid and 4 mL of Salkowski’s reagent. The
absorbance of pink color developed after 25 min incubation was
read at 530 nm. The IAA concentration in cultures was determined
using a calibration curve of pure IAA as a standard following the
linear regression analysis.

2.4.3. Siderophore
Bacterial siderophore production was determined by using a

chrome azurol S shuttle solution as described by Schwyn and Nei-
lands [26]. The assay was calibrated by generating standard curve
for samples containing 1–100 �M deferoxamine messylate.

2.5. ACC deaminase determination

Lysates in four replicates of bacterial cultures were prepared as
described by Saleh and Glick [27]. Briefly, 25 �L of toluene was
added to a 200 �L aliquot of the washed bacterial suspensions
and was vortexed vigorously for 30 s. Then, 20 �L of 0.5 M ACC
was added and after an incubation period of 15 min at 30 ◦C, 1 mL
of 0.56N HCl was added. The bacterial lysates were centrifuged
(10,000 g, 10 min) and 1 mL of supernatant was mixed with 800 �L
of 0.56N HCl and 300 �L of 2,4-dinitrophenylhydrazine (0.2 g in
100 mL of 2N HCl). The mixtures were incubated for 30 min at 30 ◦C
after which 2 mL of 2N NaOH was added. The absorbance was mea-
sured at 540 nm. The ACC deaminase activity of E. aerogenes strain,
NBRI K24 and R. aquatilis, strain NBRI K3 was evaluated quanti-
tatively by measuring the amount of �-ketobutyrate produced by
deamination of ACC. ACC deaminase activity was expressed in �mol
of �-ketobutyrate mg protein−1 h−1.

2.6. Biosorption of metal by bacterial isolates

Biosorption of metal by bacterial isolates was done according
to the procedure of Hernandez et al. [28] with some modifica-
tions. Bacteria were cultured overnight on LB agar plates without
metals. Confluent bacterial lawns were collected and suspended in
phosphate-buffered saline, and aliquots were divided into 1 mL of
samples; and pelleted by centrifugation at 8000 rpm for 20 min.
The samples were re-suspended in Eppendorff’s tubes containing
100, 200 and 400 �g mL−1 of nickel chloride and potassium dichro-
mate per mL dissolved in sterile Milli-Q water. The samples were
incubated at room temperature for 2, 4 and 6 h, and the cells were
harvested again by centrifugation under the same experimental
condition. The amount of residual metal present in the supernatant
was measured by atomic absorption spectrophotometer.

2.7. Chlorophyll & protein assay

The chlorophyll content of B. juncea leaves were measured by
the method of Hiscox and Israelstam [29].

Leaves were ground in a porcelain mortar and then extracted
with 1 mL of 0.05 M K–Na phosphate pH 7.2, 40 �g mL−1 phenyl-
methyl sulphonyl fluoride, and 0.01% sodium dodecyl sulphate. The
protein content of supernatant was estimated by the method of
Bradford [30] using bovine serum albumin as standard.
2.8. Bacterial suspension preparation

For inoculation, the selected bacterial strains were grown
overnight in 500 mL Erlenmeyer flasks containing 200 mL of steril-
ized Nutrient broth on a shaker at 150 rpm at 32 ◦C. Bacterial cells in
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he exponential phase were harvested by centrifugation at (8000 g,
5 min, 4 ◦C), and the pellets were washed twice with sterile dis-
illed water, and recentrifuged. Bacterial suspensions in distilled
ater were adjusted to an absorbance of 0.5 at 600 nm (equivalent

o approximately 5.7 × 107 cfu mL−1).

.9. Influence of plant growth promoting bacteria (PGPB) on B.
uncea growth

Growth promotion potential of NBRI K24 and NBRI K3 was
hecked against Indian mustard (B. juncea). Surface sterilized seeds
ere sown in plastic pots filled with GS amended with 25% and 50%

A collected from NTPP, Raibarielly. The experimental design was
randomized complete block design with five replicates for each

reatment. The amendments were denoted as 25% FA (25% FA + 75%
oil), 50% FA (50% FA + 50% soil) and GS alone served as control. Five
urface-sterilized seeds were placed in each pot at a 2 cm depth.
fter germination (7 d), plants were thinned to three plants per
ot. Each plant represented a sampling unit. After 15 d of seedling
mergence, bacterial suspensions (50 mL pot−1) were sprayed on
he soil surface. Control plants received 50 mL of sterile distilled
ater. Inoculated and non-inoculated plants were reared in pots
nder typical greenhouse conditions [temperatures of 19 ◦C (night)
nd 25 ◦C (day), 80% relative humidity]. The soil was moistened
ith water and maintained at 60% of its holding capacity. Growth
arameters like plant height, root length, wet and dry weight were
ecorded after 25 d of germination.

Leaves for protein and chlorophyll assays were stored frozen at
20 ◦C until analysis were performed.

.10. Analysis of plant material

After harvesting the plants were sampled for quantifying metal
ccumulation in B. juncea. Roots were separated and washed exten-
ively three times with 10 mM EDTA and then distilled water in
rder to remove surface adsorbed metal ions. Shoots and roots were
ven-dried at 100 ◦C for 48 h. The oven-dried samples were digested
n a mixture of concentrated HNO3 and HClO4 (4:1, v/v) [31,32].
fter digestion, the volume of each sample was adjusted to 20 mL
sing double deionised water. The content of nickel and chromium

n the digested samples was determined by atomic absorption spec-
rophotometer.

. Result and discussion
.1. Analysis of FA and soil

Physico–chemical properties of FA and GS are presented in
able 1. The result of FA analysis showed an alkaline pH (8.6–9.4),

able 1
hysico–chemical properties of FA and GS used in this study.

arameters FA GS

H 8.68–9.44 7.53–7.62
lectrical conductivity (dS m−1) 7.4 ± 0.3 1.3 ± 0.3
ation exchange capacity [meq (100 g)−1] 1.2 ± 0.1 1.6 ± 0.1
otal nitrogen (%) 0.02 ± 0.0 1.5 ± 0.1
otal phosphorus (%) 0.05 ± 0.0 0.1 ± 0.0
rganic carbon (%) 1.2 ± 0.1 1.5 ± 0.1

etals (�g g−1 dw)
Fe 4210 ± 198 637 ± 28
Zn 83 ± 4 113 ± 4
Mn 68 ± 2 209 ± 3
Cr 41 ± 2 35 ± 1
Ni 212 ± 11 23 ± 1

ll the values are mean of three replicates ± SD.
us Materials 170 (2009) 51–57 53

low nitrogen and phosphorus and high metal (Fe, Zn, Mn, Ni and Cr)
contents. FA had a high electro chemical conductivity of 7.34 d Sm−1

and cation exchange capacity of 1.15 molc, however it contained low
organic matter. High alkalinity of FA may be due to the presence of
oxides of Ca and Mg [33]. In contrast the ameliorant GS used in this
study had slightly alkaline pH (7.5–7.8), which was significantly less
than that of FA. It has significant amount of N and P for supporting
plant growth and comparatively lower concentrations of potentially
toxic metals.

3.2. Isolation of chromium and nickel resistant bacteria

Chromium is a highly toxic non-essential element for microor-
ganisms and plants. At higher concentration, chromium inhibits
the growth of most wild type bacteria and is tolerated by only a
minority of organisms [34,35]. During initial screening, we have
isolated 32 bacterial strains from FA contaminated soil. Out of 32
isolates, only six strains showed a high degree of metal resistance
and were selected for further studies. In order to isolate plant
growth promoting bacteria, metal resistant strains were tested for
siderophore production and ACC deaminase ability. Among the six
isolates tested, NBRI K24 and NBRI K3 showed good plant growth
promoting potential.

3.3. Characterization of Cr2+ and Ni2+ resistant bacteria

3.3.1. Molecular characterization
The Cr and Ni tolerant bacterial strains NBRI K24 and NBRI K3,

isolated from metalliferous soil, contaminated with FA emission
and effluent of NTPP, Raibareilly district, U.P., India were character-
ized and identified as E. aerogenes and R. aquatilis based on its 16S
rDNA sequence homology and phylogenetic analysis (results not
shown).

3.3.2. Functional characterization
The use of PGPB in phytoremediation technologies is now being

considered to play an important role as adding PGPB can aid plant
growth on contaminated sites, and enhance detoxification of soil
[36]. Free-living as well as symbiotic PGPB can enhance plant
growth directly by providing bio-available phosphorus for plant
uptake, fixing nitrogen for plant use, sequestering trace elements
like iron for plants by siderophores, producing plant hormones like
auxins, cytokinins and gibberellins, and lowering of plant ethylene
levels [37].

The results shown in Table 2 clearly indicate production of sub-
stantial amount of IAA during stationary phase of culture in LB
medium supplemented with l-tryptophan. The growth and IAA
production increased simultaneously and maximum IAA produc-

tion (30.1 �g mg−1) was observed by NBRI K24 followed by NBRI K3
(28.2 �g mg−1) after 48 h of incubation. These results concur with
the earlier observations indicating induction of IAA in stationary
phase culture [38,19]. The production of IAA was found dependent

Table 2
Growth promotion properties of NBRI K24 and NBRI K3.

Parameters Strain

NBRI K3 NBRI K24

P solubilization (�g mL−1) 206.6a ± 2.4 245.8 ± 3.1
IAA production (�g mg−1) 28.2 ± 1.6 30.1 ± 1.5
Siderophore Production (�M mg−1) 25.7 ± 1.4 62.7 ± 2.7
ACC deaminase (�M �KB mg protien−1 h−1) 7.5 ± 0.5 7.5 ± 0.5
Metal tolerance level (mg L−1)

Ni 650 700
Cr 600 600

a Values represent average of five replicates ± SD except the metal tolerance levels.
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pon bacterial isolate and concentration of tryptophan. Such find-
ngs may have direct practical application, although intrinsic ability
f bacteria to produce IAA in the rhizosphere depends on the avail-
bility of precursors and uptake of microbial IAA by plant [39]. The
rowth of both the strains NBRI K24 and NBRI K3 in NBRIP medium
emonstrates the potential for phosphate solubilization (Table 2).
rowth of bacterial strains NBRI K24 and NBRI K3 was observed
p to 144 h at 30 ◦C. The maximum solubilization of phosphate
245.8 �g mL−1) by NBRI K24, followed by NBRI K3 (206.6 �g mL−1)
as achieved after 120 h of incubation. Further incubation did not

mprove the extent of solubilization. Final pH of the growth medium
as recorded at regular interval of 24 h to find out if solubilization
as accompanied by acid production. The isolate NBRI K24 reduced

he pH of medium from neutral to 2.5–3.5 after 96 h of incubation,
urther decrease in pH was not observed. The data showed time
ependent increase in the amount of phosphate solubilized and also
xhibited inverse relationship with pH of medium. Earlier studies
ave demonstrated that Ni in soil tends to reduce the amount of
hosphorus in plants, which adversely affects the growth [40,41].
his deficiency can be compensated by the inorganic phosphate sol-
bilizing ability of selected strain, reducing the pH of the medium
41]. They also suggested that the process of solubilizing inorganic
hosphates helps in uptake of the metals from soil.

The siderophore is another important metabolite released by the
lant growth promoting bacteria that directly alleviate heavy metal
oxicity by increasing the supply of iron to the plant [42–47]. In the
resent study, both E. aerogenes strain, NBRI K24 and R. aquatilis,
train NBRI K3 were considered to be putative siderophore produc-
ng bacteria as they were able to grow in the presence of 8-hydroxy
uinoline. Approximately 10 �L of the saline suspension of bacterial
olonies were spread on blue agar plate containing chromeazurol
/Iron (III), hexadecyl trimethyl ammonium bromide, which served
s indicator of siderophore production [26]. Single colony with the
argest and clear orange halo was selected for quantitative analysis
f siderophore estimation. Increased siderophore production was
bserved in NBRI K24 strain as compared to NBRI K3.

Heavy metal contamination of soil is often associated with iron
eficiency in a range of different plant species [48,49]. The low iron
ontent of plants that are grown in the presence of high levels of
eavy metals generally results in these plants becoming chlorotic,
ince iron deficiency inhibits both chloroplast development and
iosynthesis [50,51]. The best way to prevent plants from becom-

ng chlorotic in the presence of high levels of heavy metals was to
rovide them with an associated siderophore producing bacterium
hat could supply a sufficient amount of iron to the plant. Therefore
e studied the influence of E. aerogenes NBRI K24 and R. aquatilis
BRI K3 on Ni and Cr toxicity of B. juncea.

Several strategies have been successfully applied to generate
lants able to grow in adverse environmental conditions and accu-
ulate or transfer number of metals [52]. However, the elevated

evels of heavy metals in soil interfere with uptake of nutrients as
e and P and lead to plant growth retardation [53]. In the present
tudy strain NBRI K24 and NBRI K3 both protect the plants against
he inhibitory effects of Ni and Cr. It is likely that the siderophore
roducing and phosphate solubilizing isolates might have helped
lant root proliferation and enhanced the uptake of soil minerals
s Fe and P by the host plants [54,4]. Data revealed that besides
iderophore, ACC deaminase and P solubilization there was not
uch change in IAA level of both the strains. Approximately sim-

lar level of IAA was found in E. aerogenes strain, NBRI K24 and R.
quatilis, strain NBRI K3. E. aerogenes strain, NBRI K24 had a high

evel of ACC deaminase activity, whereas R. aquatilis, strain NBRI
3 exhibited only a low level of activity. Earlier studies have con-
rmed the potential of ACC utilizing bacteria to promote the growth
f Brassica campestris, Brassica napus, B. juncea, Lycopersicon escu-

entum, Zea Mays and Triticum aestivum plants. [55–61]. Jiang et
Fig. 1. Biosorption of (A) Nickel and (B) Chromium (mg g−1 dry weight of cell) by
NBRI K3 and NBRI K24 at different time intervals. All the values are mean of three
replicates ± SD.

al. [60] also investigated that a heavy metal resistant Burkholde-
ria sp J62 isolated from heavy metal-contaminated soils prompted
plant growth by the synthesis of ACC deaminase. Similarly, Ma et al.
[61] isolated Ni-resistant Pseudomonas sp. Ps29C and Bacillus mega-
terium Bm4C from serpentine soil for promoting B. juncea growth
in Ni contaminated soils.

3.3.3. Biosorption of metals by bacterial strains
The data expressing the capabilities of NBRI K3 and NBRI K24

to uptake Ni and Cr are given in Fig. 1(A) and (B). The biosorption
of Ni and Cr by bacterial strains showed an increase in biosorp-
tion with increasing concentration of metal. These results were in
accordance with those of Watanabe et al.[62]. Pradhan and Rai [63]
also demonstrated that the biosorption of Cu, Zn and Cd increased
with increasing metal concentrations. The maximum sorption was
achieved after 6 h of incubation. Further incubation did not improve
the extent of biosorption. The present study suggested that each
concentration had specific equilibrium, after which there was no
significant effect on biosorption by increasing the time of incuba-
tion. The maximum biosorption capacity for Ni and Cr was observed
in NBRI K24 followed by NBRI K3.

3.4. Influence of PGPB on growth of B. juncea

A number of heavy metals are required by plants as micronutri-
ent to act as cofactors as part of prosthetic groups of enzymes which
are involved in a wide variety of metabolic pathways. However,
when they are present in high levels most heavy metals are toxic to

plants [64]. Thus significant phytoremediation of heavy metal con-
taminated soils can only succeed if this normal phytotoxic effect
can be overcome.

Ni is known to inhibit enzymatic activity [65,66], biosynthe-
sis of chlorophyll and protein [67] and henceforth the growth of
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Table 3
Effect of NBRI K3 and NBRI K24 on the growth of Brassica juncea in FA amendments.

Treatments Root lengths (cm) Shoot lengths (cm) Wet weight (mg plant−1) Dry weight (mg plant−1) Chlorophyll (mg g−1) Protein (mg g−1)

Control 5.6 ± 0.2e 8.4 ± 0.2b 23.3 ± 0.5e 4.9 ± 0.2d 8.3 ± 0.2c 0.6 ± 0.0bc

NBRI K3 8.1 ± 0.3b 9.2 ± 0.3a 31.2 ± 0.4b 6.6 ± 0.3ab 9.5 ± 0.2ab 0.7 ± 0.0ab

NBRI K24 9.3 ± 0.2a 9.6 ± 0.4a 32.3 ± 0.5a 6.9 ± 0.3a 9.8 ± 0.2a 0.8 ± 0.1a

FA 25% 4.6 ± 0.3f 5.3 ± 0.4e 21.2 ± 0.3f 4.7 ± 0.2d 6.4 ± 0.5d 0.6 ± 0.1bc

FA 25% + NBRI K3 7.1 ± 0.3c 7.6 ± 0.3c 28.3 ± 0.3d 6.4 ± 0.3bc 8.2 ± 0.4c 0.7 ± 0.0ab

FA 25% + NBRI K24 8.0 ± 0.2b 9.2 ± 0.4a 29.5 ± 0.3c 6.1 ± 0.4c 9.1 ± 0.5b 0.6 ± 0.1bc

FA 50% 4.2 ± 0.2f 6.3 ± 0.3d 16.8 ± 0.2g 3.3 ± 0.1e 5.7 ± 0.5e 0.5 ± 0.0c

FA 50% + NBRI K3 6.7 ± 0.1d 7.4 ± 0.4c 23.6 ± 0.3e 5.0 ± 0.3d 6.4 ± 0.5d 0.5 ± 0.0c

F
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considerably more nickel as compared to shoot systems. This can be
attributed to poor translocation of nickel from root to shoot system
[42]. Similarly appreciable amount of chromium was accumulated
in roots as compared to shoot system as reported earlier by Burd et

Table 4
Accumulation of Cr and Ni (�g g−1 dw) in Brassica juncea plants inoculated with NBRI
K3 and NBRI K24 grown in FA amendments.

Treatments Shoot (�g g−1 dw) Root (�g g−1 dw)

Nickel Chromium Nickel Chromium

Control 2.4 ± 0.5e 8.9 ± 0.4d 14.8 ± 0.6b 7.0 ± 0.4e

NBRI K3 4.8 ± 0.5d 9.2 ± 0.9d 15.2 ± 0.4b 7.3 ± 0.2e

NBRI K24 5.5 ± 0.7d 9.8 ± 0.4d 16.2 ± 0.6b 7.8 ± 0.3e

FA 25% 35.0 ± 1.9c 45.7 ± 2.0c 190.9 ± 10.3a 132.8 ± 0.7d

FA 25% + NBRI K3 36.3 ± 1.4bc 47.2 ± 2.5c 193.2 ± 10.8a 135.1 ± 0.5c

FA 25% + NBRI K24 37.9 ± 1.9ab 48.5 ± 3.2c 195.6 ± 12.5a 137.0 ± 0.4b

ab b a a
A 50% + NBRI K24 7.3 ± 0.1c 8.9 ± 0.4a 24.8 ± 0.4e

ll the values are mean of five replicates ± SD. Different letters above bars denote
MRT (Duncan’s multiple range test).

lants. In this study, the presence of Ni and Cr in the soil for 25
decreased growth, as well as the protein and chlorophyll con-

ent of B. juncea plants. The different amendments of FA with soil
nd bacterial strains i.e. NBRI K24 and NBRI K3 have shown signif-
cant effects on the growth of B. juncea. Under control conditions,
BRI K24 showed maximum increase in root length (66.07%), shoot

ength (14.28%), fresh weight (38.62%) and dry weight (40.81%)
f plants. Similarly NBRI K3 also enhanced plant biomass as root
ength (44.64%); shoot length (9.52%), wet and dry weight (33.90%
nd 34.69%, respectively).

Data showed that the strains, significantly enhanced plant
iomass, protein and chlorophyll content, more than overcoming
he inhibition attributable to the presence of nickel and chromium
n the soil. The result is in agreement with a previous report describ-
ng increased biomass production of B. juncea inoculated with ACC
tilizing strains and grown in Ni-supplemented soil [68].

In the present study both plant growth promoting bacteria pro-
ected the plant against inhibitory effect of heavy metals and helped
he plant to grow. Plants inoculated with NBRI K24, grown in
mendment of 25% FA showed increase in root length (73.91%),
hoot length (67.92%), fresh and dry weight (39.15% and 29.78%)
espectively. Similarly in amendment of 50% FA with soil, highest
ffect was found for NBRI K24 followed by NBRI K3. Statistically the
oot and shoot growth, dry as well as wet weight of the plant are sig-
ificantly higher in NBRI K 24 than NBRI K 3 according to Duncan’s
ultiple range test (DMRT) at p = 0.05 (Table 3). The trends observed

ndicated that siderophore producing and phosphate solubilizing
train increased plant root proliferation of the host plant as also
eported by Glick et al. and Lamrecht et al. [37,54]. In presence of
eavy metals significant increase in chlorophyll content (42.18% in
5% FA and 45.61% in 50% FA), was also observed when E. aerogenes
train, NBRI K24 was added to plant as bioinoculant.

.5. Uptake of metals (Ni and Cr) in B. juncea

Studies have evidenced that heavy metal-resistant bacteria can
nhance metal uptake by hyper accumulator plants [69,70]. Similar
esults were also obtained in our experiment that the Ni and Cr
ptake by B. juncea was enhanced by the metal resistant PGPB. The
ccumulation of Ni and Cr in root and shoot tissues of the plant
arts after 25 d of treatment in different amendments of FA and
ith bacterial inoculations is shown in Table 4. The accumulation of
i is higher than Cr in root system of the plant. However, a different

rend as Cr > Ni was observed in shoot tissues of B. juncea plants.
The plants grown in FA amendment have accumulated appre-

iable amount of metals (Ni and Cr) maximum being in roots. The

oncentration of metal in plant tissues increased with increase in
oncentration of FA in soil. Inoculated plants of B. juncea showed
ignificant high accumulation of metals in roots than shoots. Singh
t al. [8] also reported that the concentrations of Zn, Cr, Ni, Cu, Cd
nd Pb in root and shoots of Beta vulgaris plants showed strong pos-
5.2 ± 0.2d 8.3 ± 0.6c 0.6 ± 0.0bc

cant differences (p = 0.05) between different treatments in plant part according to

itive correlation with concentrations of FA. Growth retardation in
plants is due to the presence of excess chromium in soil, a common
feature, and has been observed in many plant species [71,72]. Higher
concentration of chromium exerts severe effect on root growth and
function resulting in root damage, reduction in fresh and dry weight
and diminish the uptake of water and nutrients [73]. The present
observations indicate that both the inoculated and non-inoculated
root systems accumulated considerably more chromium as com-
pared to shoot system.

The accumulation and distribution of metals in the plants tissue
are important aspects to evaluate the role of plants in remediation of
contamination sites [74]. The process of metal uptake and accumu-
lation by different plants depend on the concentration of available
metals in the soil, solubility sequence and plant species [75]. The
data presented in Table 4 showed that B. juncea plants grown in FA
amended soil accumulated only small amount of metals in root and
shoot tissues. However the addition of NBRI K24 and NBRI K3 to B.
juncea increased the level of metal accumulation. Though statisti-
cally the difference is substantial between NBRI K24 and NBRI K3 in
accumulating the metals (Ni and Cr) yet NBRI K24 exhibited better
accumulation than NBRI K3 alone as well as when added with FA
(25% and 50%). Statistical analysis was performed by using DMRT
at p = 0.05. Similar observations were also recorded upon inocula-
tion with Kluyvera ascorbata under Ni, Pb and Zn stress [42]. Like
wise Zaidi et al. [41] suggested the protective effect of the strain
Bacillus subtilis SJ-101 against Ni phytotoxicity in plants grown in
soil treated with NiCl2. Previously Indian mustard plants grown in
Ni amended soil were found to be able to accumulate significant
amount of nickel in their shoots, however in this work, it was found
that the inoculated and non-inoculated root systems accumulated
FA 50% 37.8 ± 1.1 58.4 ± 2.4 197.2 ± 14.4 157.2 ± 1.9
FA 50% + NBRI K3 38.0 ± 1.8ab 60.2 ± 3.6ab 200.2 ± 15.3a 157.9 ± 1.0a

FA 50% + NBRI K24 39.5 ± 1.9a 62.1 ± 3.7a 204.0 ± 10.5a 158.2 ± 0.4d

All the values are mean of five replicates ± SD; dw = dry weight; Different letters
above bars denote significant differences (p = 0.05) between different treatments in
plant part according to DMRT (Duncan’s multiple range test).
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l. and Rajkumar et al. [42,35]. The higher accumulation of heavy
etals in roots may be ascribed to formation of complex between

eavy metals and sulphydryl groups that results less transport of
eavy metals to shoots [12]. The accumulation of tested metals was
ore in the roots than shoots in all the amendments showing less

ranslocation of metals from the underground part to the aerial part
f the plant. With this study it can be said that the use of these metal
ccumulating bacteria can be considered as a great biotechnological
ool for ecological and economical significance.

. Conclusions

The present observations indicate that both E. aerogenes strain,
BRI K24 and R. aquatilis, strain NBRI K3 protect the plant against

nhibitory effect of Cr2+ and Ni2+.
On over-all comparison plants grown in inoculated soil amended

A showed maximum increase in all growth parameters as com-
ared to control. It is likely that PGPB might increase the tolerance
f host plants to the toxic effects of heavy metals by producing IAA,
CC deaminase, siderophore and solubilizing the phosphate.

Maximum accumulation of both tested metals was found in the
lants grown in NBRI K24 inoculated treatment followed by NBRI
3. This study clearly indicates that both NBRI K24 and NBRI K3 are
otent plant growth promoters and their mutant can be exploited

n the FA contaminated soil due to their stability and persistence in
he presence of heavy metals.
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