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Abstract Kans grass (Saccharum spontaneum) is a weed

species that is frequently found in many heavy metal-en-

riched waste dumps including fly ash pond sites. In this

study, among a collection of phosphate-solubilizing bac-

terial strains isolated from the rhizosphere of Saccharum

spontaneum present in the abandoned ash pond site of

Mejia Thermal Power Station (MTPS-DVC), three strains

were characterized for their plant growth-promoting abili-

ties. The isolates identified as Bacillus anthracis strain

MHR2, Staphylococcus sp. strain MHR3 and Bacillus sp.

strain MHR4 had phosphate solubilization indices of 2.86,

2.31 and 2.40 and they produced soluble phosphates of

700, 600 and 640 mg l-1, respectively, in 4 days. In all the

PSBs, pH significantly decreased, indicating the production

of various organic acids. They showed other plant growth-

promoting features like production of ammonia, side-

rophore, hydrocyanide and IAA. All of them were resistant

to multiple heavy metals and antibiotics. Dry and fresh

weight and shoot and root lengths of Brassica juncea L.

increased in the presence of these isolates in pot cultures.

The strains also increased phytoextraction ability of plants

by enhancing the metal accumulation in plant tissues. Thus,

the isolated indigenous and stress-adapted rhizobacteria

may serve as potential biotechnological tool for the suc-

cessful ecorestoration of various metal-contaminated sites.

Keywords Fly ash � Saccharum spontaneum � Phosphate-
solubilizing bacteria (PSB) � Plant growth-promoting

rhizomicrobes (PGPRs) � Lead accumulation � Brassica
juncea

Introduction

Saccharum spontaneum popularly known as ‘Wildcane’ or

Kans grass is a native grass of the Indian subcontinent

(Bhandari 1990; Pandey et al. 2015a). It is a tall perennial

grass species with rhizomatous roots and grows up to 3

metres in height. Although it is a multifunctional species

due to its ability to be used as biomass for ethanol and

biogas production (Chandel et al. 2009), for a long time it

has been neglected due to its bad reputation as weeds and

its ability to quickly colonize croplands. But recently, S.

spontaneum has attracted serious attention for its potential

in ecological restoration and stabilization of various waste

dumps like fly ash dumps, acid mine dumps and sewage

sludge (Pandey et al. 2015b; Pandey and Singh 2014;

Kumar et al. 2015). This research paper is centred about

one such important dump site associated with all thermal

power plants. Fly ash (FA) is a major coal combustion

residue of thermal power stations and is composed of solid

particles of ash, dust, soot and contains deadly heavy

metals like lead, arsenic, cadmium, cobalt and mercury.

Disposal of FA, as FA dump, is a serious environmental

concern across the globe. Primarily, the FA is disposed of

by either dry or wet disposal method. In the dry disposal,

the FA is transported and disposed of by construction of a

dry embankment (dyke). In the wet disposal method, the

FA is mixed with water to form slurry. The slurry is dis-

posed of in structures called ‘ash ponds’. Both of the ash

dykes and ash ponds cause air, surface water and ground-

water pollution (Mishra 2004). Air pollution is caused by

emissions of hazardous gases from the power plants and
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windblown dust from the ash ponds. Rain or flooding can

cause leaching of the toxic heavy metals from the ash dump

sites and contaminate the underlying soil and groundwater

reservoir. The ecological and human health risks associated

with these dumps are indeed a large concern and demands a

holistic approach for remediation (Borm 1997). Revege-

tation is one of the most widely sought after management

strategies for the stabilization of waste dumps (Pandey and

Singh 2014). As FA contains plant’s micro- and macro-

nutrients, phytoremediation has been thought of as the

easiest and cheapest way for the phytomanagement of FA

basins (Haynes 2009). However, the revegetation process is

a slow process because of the physical/chemical soil fac-

tors that restrict the establishment and growth of the plant

communities. The limiting factors are an alkaline soil pH,

high concentrations of soluble salts, a low content of

humus, phytotoxic levels of some elements (e.g. B), defi-

ciencies of others (e.g. N and P), multiple heavy metal

stress and natural compaction and cemented layers of ash

that restrict root growth (Haynes 2009). However, due to

nature’s gift, some native tolerant plants are there that can

overcome all of these barriers (Das et al. 2013). Inoculation

of the plant roots with the rhizomicrobes may further

facilitate the process of natural phytoattenuation of the

degraded land (Kumari and Singh 2011). In nonagricultural

conditions, the natural role of the plant growth-promoting

rhizobacteria (PGPR), phosphate-solubilizing bacteria

(PSB), mycorrhizal-helping bacteria (MHB) and arbuscular

mycorrhizal fungi (AMF) are very important in restoring

soil fertility than in conventional agriculture where the

higher use of agrochemicals masks the contribution of the

PSBs. Phosphate-solubilizing bacteria possess the ability to

solubilize insoluble phosphates of soil into soluble forms

by secreting various organic acids. By converting the plant

unavailable phosphates into plant available forms, the

PSBs stimulate plant nutrition and growth. In metalliferous

soil, these PSBs play pivotal roles in reducing the metal

stress on plants (Ahemad 2015; Kumar et al. 2009).

Keeping the above environmental concerns in mind, this

study was carried out to examine the phosphate solubi-

lization and various plant growth-promoting activities of

the rhizomicrobes present in the rhizosphere of S. sponta-

neum growing abundantly in the heavy metal-contaminated

fly ash pond. Three strains were finally selected due to their

good plant growth-promoting features. Acquisition of

resistance to multiple heavy metals and antibiotics has

made them suitable to survive in this heavy metal-con-

taminated environment. Moreover, their assistance to

plants to uptake more heavy metal can make them ideal

agents for application as bioinoculants in ecological

restoration of vegetation in fly ash dump sites and mini-

mize leaching of heavy metals to surroundings. This study

also examined the ability of the isolated strains in

enhancing the growth and lead accumulation ability of the

Indian mustard plant Brassica juncea L. in pot culture. In

spite of the all good PGPR traits in all the three strains,

environmental application of one strain identified as

Bacillus anthracis remains debatable. Although the strain

was detected as nonpathogenic, the fear of relapse of vir-

ulence after environmental exposure would restrict its

commercialization as a bioinoculant.

Materials and methods

Sample collection and isolation of phosphate-

solubilizing bacteria (PSB)

The rhizosphere soil samples were collected around the

roots of S. spontaneum present in the coal fly ash (FA)

dump site of MTPS (Mejia Thermal Power Station) of

DVC located in Bankura, Durlovpur, West Bengal, India.

Pikovskaya’s (PKV) agar medium (glucose 10 g/l; trical-

cium phosphate (TCP) 5 g/l; ammonium sulphate 0.5 g/l;

sodium chloride 0.2 g/l; potassium chloride 0.2 g/l; mag-

nesium sulphate 0.1 g/l; yeast extract 0.5 g/l; manganese

sulphate trace; ferrous sulphate trace; agar 2%) was pre-

pared, and pH was adjusted to 7.0 before sterilization

(Pikovskaya 1948). 1gm of the rhizosphere sample was

diluted in 10 ml of sterile distilled water and spread plated

into PKV agar medium in various dilutions. The plates

were incubated for 5–7 days in 30 �C. The bacterial

colonies showing phosphate-solubilizing zones around

them were considered as PSB. Pure cultures of the isolates

were made by repeated subculturing for 2–3 times on fresh

PKV plates and were maintained on PKV slants at 4 �C.

Identification of the bacterial strains

Identification of the strains was performed by morpholog-

ical, biochemical, and molecular methods. Morphological

identification was carried out by phase contrast micro-

scopic view of the cells after Gram staining. Physiological

and biochemical tests were carried out as per the methods

outlined in Bergey’s Manual of Systemic Bacteriology

(Krieg and Holt 1984). The 16S rDNA PCR was used to

amplify 16S rRNA genes using primers f27 (50-
AGAGTTTGATCMTGGCTCAGTAC-30) and r1492 (50-
GGYTACCTTGTTACGACTT-30). The PCR mixture

contained 1 ul template, 2.5 ul of 109 Taq DNA poly-

merase buffer, 5 mM MgCl2, 1 ul of dNTP at 2.5 mM, 0.5

ul of 2.5 unit Taq DNA polymerase, 3.75 pmol of each

primer, and 0.5 ul of 2.5 unit Taq polymerase. The cycling

conditions were, initial denaturation at 94 �C for 5 min,

followed by 30 cycles of 94 �C for 30 s, 54 �C for 30 s and

72 �C for 1.5 min, followed by a final extension performed
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at 72 �C for 5 min. The PCR products were purified by the

Quiagen gel extraction kit and sequenced by Sanger

sequencing. The obtained gene sequences were compared

with others in the GenBank databases using the NCBI

BLAST at http://www.ncbi.n1m.nih.gov/blast/Blast.cgi.

Sequences were submitted to NCBI GenBank database,

and accession numbers were obtained. Phylogenetic tree

was constructed by MEGA7 (Kumar et al. 2016). The

evolutionary history was inferred using the Neighbor-

Joining method of Saitou N and Nei M (1987). The boot-

strap consensus tree inferred from 500 replicates is taken to

represent the evolutionary history of the taxa analysed.

Branches corresponding to partitions reproduced in less

than 50% bootstrap replicates are collapsed. The percent-

age of replicate trees in which the associated taxa clustered

together in the bootstrap test (500 replicates) is shown next

to the branches (Felsenstein 1985). The evolutionary dis-

tances were computed using the Kimura 2-parameter

method (Kimura 1980 and are in the units of the number of

base substitutions per site. The rate variation among sites

was modelled with a gamma distribution (shape parame-

ter = 1). The analysis involved 14 nucleotide sequences.

All positions with less than 95% site coverage were elim-

inated. That is, fewer than 5% alignment gaps, missing

data, and ambiguous bases were allowed at any position.

There were a total of 407 positions in the final data set.

Measurements of phosphate solubilization

Bacterial isolates were screened for tricalcium phosphate

(TCP)-solubilizing activity on PKV plates. The PSBs were

spot inoculated on the agar plates aseptically and incubated

at 30 �C for 7 days. A clear zone surrounding the colony

indicated the phosphate solubilization and was measured as

phosphate solubilization index (PSI). PSI was calculated as

the ratio of the total diameter (colony ? halo zone) to the

colony diameter. All the observations were recorded in

triplicates. For quantitative estimation of TCP solubiliza-

tion, phospho-molybdate blue colour method (Murphy and

Riley 1962) was used. Pikovskaya’s broth (100 ml) (ad-

justed to pH 7) prepared with sucrose and TCP (0.3 g/

100 ml) was poured in 250-ml flasks. The flasks were

sterilized, and exponentially growing cells were inoculated

in them and placed on a rotary shaker for 5 days. At var-

ious time intervals, 5 ml of the culture broth was sucked

up, centrifuged (10,000 rpm, for 15 min) and the super-

natant was collected. The available phosphorous (P) was

determined using spectrophotometer at 882 nm and cali-

brated with standard KH2PO4 curves. At each time, pH

estimation of the culture supernatant was noted.

Screening for different plant growth-promoting

activities

Detection and quantification of indole acetic acid (IAA)

production in PSBs were done by the method of Loper and

Scroth (1986) with modifications. The strains were inocu-

lated in three test tubes containing 10 ml LB broth with L-

Tryptophan (200 mg/L) and incubated at 30 �C. 5 ml of

the bacterial culture from each tube was removed after

4 days of incubation and centrifuged at 10,000 rpm for

15 min at room temperature. For each PSB strain, 2 ml of

supernatant was transferred to a fresh tube to which two

drops of ortho-phosphoric acid and 4 ml of Salkowski’s

reagent (l ml of 0.5 M FeC13 solution in 50 ml of 35%

perchloric acid) was added. The mixture was incubated at

room temperature for 30 and 120 min in the dark, and the

intensity of the pink colour developed was recorded at

530 nm. A standard curve was prepared with pure IAA for

quantification (Sarwart et al. 1992).

Ammonia production ability of the strains was tested by

the method of Cappuccino and Sherman with modifications

(1992). Overnight grown bacterial cultures were inoculated

in 10 ml peptone broth and incubated at 30 �C for 48–72 h

in a BOD shaker. After incubation, in each test tube 0.5 ml

of Nessler’s reagent was added. Development of a yellow

to dark brown colour indicated the production of ammonia.

Quantification of ammonia production was done by Ness-

lerization spectrophotometric method. An overnight grown

bacterial culture was inoculated in 10 ml peptone broth and

incubated at 30 �C for 48–72 h with constant shaking.

After that, 2 ml of the broth was taken in an eppendorf tube

and centrifuged at 10,000 rpm for 5 min. Then, 40ul of

Na–K-tartrate (25 g/50 ml) and 40ul of Nessler’s reagent

were added sequentially to each tube containing the

supernatant and the absorbance was measured at 450 nm.

NH3–N standard curve was prepared for quantification. The

concentration of the NH3 was calculated using the standard

curve of ammonium sulphate solution in the range of 0.1–1

umol ml-1.

Hydrogen cyanide production was detected and mea-

sured by the method of Bakker and Schippers (1987).

King’s B medium amended with 0.44% of L-Glycine was

prepared. Whatman No. 1 filter paper strips were soaked in

0.5% picric acid and 2% Na2CO3 solution. Test tubes with

the media were inoculated with 100 lL of the inoculum

and incubated at 30 �C for 48 h. A change in colour of the

filter paper from yellow to light brown or reddish brown

colour indicated production of HCN. Amount of the total

cyanide present in the filter paper was calculated using

Eq. (1).
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Total cyanides contents measured in ppmð Þ
¼ 396� A510 nm ð1Þ

Siderophore production was assayed on the Chrome Azurol

S agar (CAS) media as described by Clark and Bavoil

(1994). CAS agar plates were prepared, spot inoculated

with test organisms and incubated at 30 �C for 3 days.

Developments of yellow–orange halo zones around the

colonies were considered as positive for siderophore pro-

duction. For quantification of siderophores, cells were

grown in liquid CAS medium for 24 h. The supernatant

was collected and 0.5 mL of cell-free culture was added to

0.5 mL of CAS reagent and the absorbance was measured

at 630 nm against blank. Total siderophore amount was

calculated using Eq. (2) and expressed as percent side-

rophore units:

Siderophore units %ð Þ ¼ Ar/Asð Þ � 100 ð2Þ

where Ar = Absorbance of reference at 630 nm (CAS

reagent); As = Absorbance of the sample at 630 nm.

Multiple heavy metals and antibiotic resistance

ability of the isolates

For determination of heavy metal tolerance assay of the

strains towards arsenite (AsIII), cadmium (Cd), chro-

mium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel

(Ni), zinc (Zn), stock solutions of sodium arsenite, cad-

mium chloride, cupric sulphate, potassium chromate, lead

acetate, mercuric chloride, nickel nitrate, zinc sulphate

were prepared in distilled water. Sterilization was done by

passing the solutions through 0.22-micron membrane

filters. The MIC of the heavy metals for the three strains

was determined by the plate dilution method of Aleem

et al. (2003). The lowest concentration of the heavy metal

that inhibited bacterial growth was considered as the

MIC. Tubes containing 20 ml of melted LB agar and

different concentrations of the metal were poured onto

plates. Each plate was streaked with the three strains and

incubated for 24–48 h. The experiment was conducted in

triplicates.

Antibiotic resistance was tested using disc diffusion

method. LB agar plate was spread plated with an aliquot of

overnight grown bacterial culture. Filter paper discs contain-

ing different concentration of antibiotics, ampicillin

50 lg mL-1, chloramphenicol 30 lg mL-1, kanamycin

30 lg mL-1, rifampicin 5 lg mL-1, penicillin 10 lg mL-1,

streptomycin 10 lg mL-1 and tetracycline 30 lg mL-1were

then placed on the plates. Plates were incubated at 28 �C.
Growth was monitored, and the presence of inhibition zones

around the discs was noted. Each test was replicated three

times. Spots without antibiotics were kept as negative con-

trols. The experiments were performed in triplicates.

Effect of the PGPR strains on growth

and bioaccumulation of heavy metals in mustard

seeds (Brassica juncea L.)

Indian mustard seeds of Brassica juncea (L.) Czern

variety were used for seed coating with PSBs in pot

assays. The pots (18 9 19 cm2) were filled up (2/3rd)

with garden soil (autoclaved). The mustard seeds were

first surface sterilized by immersing in 95% ethanol

(30 s) and 0.2% mercury chloride (3 min). Traces of

mercury chloride from the seeds were removed from the

disinfected seeds by washing them 5 times with sterile

distilled water. Surface-sterilized mustard seeds were

soaked in 48-h old cultures of PSB isolates for two hours.

One control pot was kept where uncoated seeds were

sowed. Pots were kept in an area which gets ample sun-

light and the temperature in the daytime varied from 25 to

30 �C and humidity varied from 70 to 50%. Hoagland

nutrient solution where TCP is used as P source (Hoag-

land and Arnon 1950) and urea (0.32 g/200 ml) were

applied to each pot after 3–4 days of sowing. Autoclaved

water was used for watering daily. Three replicates were

used for each treatment. Harvesting was made 45 days

after inoculation and roots and shoot length and dry

weight was measured. Root and shoot portions of the

plants were first washed and then air-dried, and then,

measurements were taken. For dry weights measure-

ments, the shoot and root samples were oven-dried at

70 �C and the mean weight of the plants was expressed as

g plant-1. In another set of experiment, lead was added in

a concentration of 200 mg/kg with the soil in the pots for

understanding the role of the heavy metal-resistant PSBs

in the phytoextraction of metals by the plants. TCP was

not added to avoid precipitation of lead in the presence of

phosphate.

For determination of Pb accumulation in the shoots or

roots, plants were harvested after a period of 45 days. They

were washed in cold 0.2 mM CaSO4 twice and then rinsed

with cold distilled water. Samples were oven-dried at

72 �C for 48 h. For Pb analysis, 200 mg of dried tissue was

digested with HNO3 ? HClO4 by the method of Tem-

minghoff and Houba (2004). Inductively Coupled Plasma

Atomic Emission Spectrophotometer (ICP-AES) was used

for lead determination. Three independent replicates were

taken per sample.

Statistical analysis

For statistical analysis, analysis of variance (ANOVA) and

post hoc Fisher’s LSD test (p\ 0.05) were used to com-

pare treatment means.
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Results and discussion

Isolation of phosphate-solubilizing bacteria

Many (15–20) bacterial isolates were found, showing

phosphate-solubilizing zones on Pikovskaya’s agar after

7 days of incubation. The isolates showed development of

distinct phosphate solubilization zones, ranging from

10 mm to 20 mm. Three isolates showing sharp phosphate

solubilization zones of 20, 15 and 18 mm, respectively, and

displaying other PGPR properties were further chosen for

quantification of phosphate solubilization.

Identification of the PGPR strains

The strains were identified based on morphological, bio-

chemical and molecular methods. The accession numbers

obtained from gene bank against the three strains were

KT238975.1, KT238976.1 and KT238977.1, and they

correspond for Bacillus anthracis strain MHR2, Staphylo-

coccus sp. strain MHR3 and Bacillus sp. strain MHR4,

respectively. The phylogenetic tree is shown in Fig. 1.

Measurement of phosphate solubilization

The halo zone diameters of Bacillus anthracis MHR2,

Staphylococcus sp. strain MHR3 and Bacillus sp. strain

MHR4 were 1.3, 0.85 and 1.05, respectively, against col-

ony diameter zones of 0.70, 0.65 and 0.75. Their phosphate

solubilization index (PSI) values were calculated to be

2.86, 2.31 and 2.40, respectively.

The solubilization of TCP in the liquid medium by the 3

different strains was followed by a drop in pH from an

initial neutral pH (7.0) to acidic pH (between 4.0 and 4.66)

after 5 days of incubation. In the blank treatment (control),

no soluble P was detected and no drop in pH was observed

while in the test cultures, the pH dropped significantly. On

the fourth day of incubation, the maximum P solubilization

was recorded by Bacillus anthracis sp. strain MHR2

(700 mg l-1) with a maximum drop in the pH to 4.0 fol-

lowed by Bacillus sp. strain MHR4 (640 mg l-1) with a pH

drop of 4.5. Among the isolates, the minimum concentra-

tion of soluble P (600 mg l-1) was observed in the culture

of Staphylococcus sp. strain MHR3 and the minimum drop

of pH of the medium was 4.86 on the fourth day of incu-

bation. Although its pH further dropped to 4.7, this was not

followed by further P solubilization. Bacillus sp. strain

MHR4 which showed a minimum drop of pH to 4.5 on the

fourth day of incubation showed highest P solubilization on

its third day (660 mg l-1) with a medium pH value of 5.6.

Figure 2 shows their phosphate solubilization efficiency

(shown as concentration of free phosphate), growth curves

and the concomitant decrease of pH in the PKV medium.

Figure 4a shows the P solubilization zones of the 3 strains.

Plant growth-promoting activities

During measurement of IAA production, colour develop-

ment became visible within minutes and continued to

increase in intensity for a period of 30 min in all the three

strains tested. In Bacillus anthracis sp. strain MHR2, the

increase continued up to 120 min. Hence, the optical density

wasmeasured after 30 and 120min. For the other 2 strains, no

further significant increase occurred after 45 min. Figure 3a

shows the IAA production by all the three PSBs.

Production of ammonia was found to be weak in MHR2,

but the other two strains MHR3 and MHR4 were good pro-

ducers of ammonia. Figure 3b depicts the ammonia pro-

duction by the selected strains at 48 and 72 h of incubation.

All the strains were positive for hydrogen cyanide pro-

duction. Highest production of HCN was achieved by

Staphylococcus sp. strain MHR3 and was recorded as

35.2 ppm while MHR2 produced 19.5 ppm and lowest

production of 10.6 ppm was recorded by MHR4. Figure 4c

shows pictures of HCN production in the plates.

All the three tested strains were good siderophore pro-

ducers and all showed large orange halos around the

colonies on CAS agar. As depicted in Fig. 3c, siderophore

formation increased with increase in the incubation period.

Highest zone was achieved by Bacillus anthracis sp. strain

MHR2 on 72 h of incubation. It produced an orange halo

zone of 2 cm (excluding colony diameter of 0.9 cm) on

72 h of incubation. Figure 4b shows pictures of side-

rophore formation on the agar plates.

Minimum inhibitory concentration (MIC) of heavy

metals and antibiotic resistance of the isolates

All the bacterial strains showed different degrees of resis-

tance towards the different heavy metals and antibiotics.

Fig. 1 Evolutionary relationship of the strains. Phylogenetic tree is

based on the 16S rRNA gene sequences of the three strains. Accession

numbers of the sequences are given in parentheses. Our isolated

strains have been highlighted in bold
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The MIC of the heavy metals as detected by the plate-based

assays is presented in Fig. 5. Strain MHR2 exhibited

antibiotic resistance characteristics to kanamycin, rifam-

picin and streptomycin while MHR3 was resistant to

ampicillin, and MHR4 was resistant to tetracycline and

rifampicin.

Effects of PSBs on mustard seeds germination

and growth and lead accumulation

All the three isolates showed a significant increase in shoot

and root dry and fresh weights of mustard as compared to

uninoculated control (Table 1). In comparison with the

control plants, plant shoot and root length, plant fresh and

dry weight increased in the PSB-treated plants. In case of

single inoculations, best growth performances were recor-

ded from the plants inoculated with Bacillus anthracis sp.

strain MHR2. In comparison with single inoculations,

mixed inoculation of the plants with the three strains

together (consortia) gave better results.

The three PSBs acting in a consortium or individually

also enhanced accumulation of lead in the Indian mustard

plants. The treated plants showed higher accumulation of

lead in comparison with the untreated ones (Table 2). Lead

accumulation was significantly higher in the roots

compared to shoots in both treated and untreated plants. Pb

translocation from shoot to root was calculated by Eq. (3):

Translocation Factor TFð Þ = Cshoot=Croot Fayiga and Ma 2006ð Þ
ð3Þ

Here, Cshoot and Croot stand for metal concentration in the

shoot (mg kg-1) and root of plant (mg kg-1), respectively.

TF\ 1 represents that translocation of metals from shoot

to root was not made effectively. Bioaccumulation factor

of Pb was further calculated by Eq. (4) (Ma et al. 2001):

Bioaccumulation Factor BAFð Þ = Cshoot=Csoil ð4Þ

Cshoot and Csoil are lead concentration in the plant shoot

(mg kg-1) and soil (mg kg-1), respectively.

It was noted that plant shoot and root lengths (and fresh

and dry weights) decreased in the lead-treated control

plants than the control plants from soil without lead (data

not shown). However, in the PSB-treated plants from soil

with lead, the decreases of plant root/shoot lengths or their

dry/wet weights were not prominent. So, it can be assumed

that the special plant growth beneficial traits of the metal-

resistant PSB may have resisted the damaging effects of the

toxic metal on the plants by producing iron chelators,

siderophores, organic acids, etc.

Fig. 2 Phosphate solubilization

efficiency of the three PSBs:

Increase in soluble phosphate is

associated with decrease in

medium pH. 1A shows the

concomitant decrease of pH in

the PKV medium and the

growth curves of the isolates.

1B shows the production of

soluble P. Solid lines in (1A)

stand for pH reduction, and

broken lines stand for their O.D

660 values. Values are the means

(n = 3) ± standard deviation
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Discussion

Ecological restoration of abandoned fly ash ponds and

dykes has become important parts of the sustainable

development strategy in many countries including India.

Green capping is one of the most popular methods to re-

vegetate abandoned ash ponds. It has many advantages such

as prevention of soil erosion, reduction of dust emission by

stabilization of the surface areas of ash dump sites and

prevention of potential ground water contamination by

minimizing leaching of heavy metals. Finally, addition of a

native vegetation cover is aesthetic in nature and prof-

itable in the long term. PGPRs have been proposed to play a

great role in the formation of vegetation cover by colonizing

Fig. 3 Quantitative analysis of

IAA, ammonia and siderophore

production by the three strains.

a shows indole acetic acid

production, b shows ammonia

production in peptone water

using Nesslerization reaction

and c shows siderophore

production (%) by the three

strains. Values are the means

(n = 3) ± standard deviation
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roots of plants and promoting plant health through a variety

of mechanisms like the production of phytohormones,

suppression of pathogens, phosphate solubilization and

enhancing nutrient uptake (Khan et al. 2007). Among the

plant growth-promoting bacteria, PSB improves plant

growth by introduction of various enzymes, organic acids,

siderophores, plant hormones and other biotechnological

products into soil–plant interface. PSB produces various

organic acids like monocarboxylic, monocarboxylic

hydroxy, monocarboxylic ketogluconic, dicarboxylic,

dicarboxylic hydroxy and tricarboxylic hydroxy acids to

solubilize inorganic phosphate compounds (Chen et al.

2006). The acids produced by them help in the mobilization

of the insoluble and biounavailable heavy metals to plant

available forms. Several PSB exhibiting both heavy metal

detoxification characters and plant growth-promoting fea-

tures have been explored and have been implicated in

phytoremediation of metalliferous soils (He et al. 2013;

Fig. 4 Zones of phosphate

solubilization (a), HCN
formation (b) and siderophore

production (4C)

Fig. 5 MIC of the heavy metals

by the three test strains. The

blue, red and green colours

correspond to MIC of Bacillus

anthracis strain MHR2,

Staphylococcus sp. strain

MHR3 and Bacillus sp. strain

MHR4
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Misra et al. 2012). In the present study, we screened for

beneficial bacteria present in the rhizosphere of Saccharum

spontaneum which is normally found in different types of

serpentine soils. So far no studies have been explored in

isolation of such heavy metal mobilizing PSBs from the FA-

contaminated environment. Few reports are present on the

ability of this underutilized weed for ecorestoration of bare

FA dump sites and encouraging revegetation in those bare

lands (Pandey et al. 2015b). Pandey et al. (2015a, b) first

time reported the changes in physicochemical properties of

the barren FA dump sites following revegetation by the

studied plant. In the present study, we wanted to investigate

whether the rhizobiome of the plant plays any supporting

role in the ecorestoration process by the plant. We found

that the rhizobacteria isolated from S. spontaneum caused a

decrease in the pH of the culture medium indicating pro-

duction of multiple organic acids. Many reports are present

on the ability of bacteria from serpentine soil to be able to

solubilize ‘unavailable’ forms of heavy metal-bearing

minerals by excreting organic acids. The acids may have

role in phosphate solubilization, heavy metal mobilization

and plant growth promotion. Our isolated PSBs are ideal

plant growth-promoting rhizomicrobes as all of them are

positive for IAA, ammonia, HCN and siderophore produc-

tion. IAA is an important phytohormone and acts as an

important signal molecule in the control of overall plant

growth and plant microbe interaction. Ammonia is an

inorganic volatile component that indirectly influences

plant development and has been implicated as a weapon of

biocontrol (Howell et al. 1988). HCN production by the

rhizobacteria has been postulated to play an important role

in the biocontrol of pathogens. As we all know iron is a vital

nutrient for plants. But most of the iron present in soil

occurs as insoluble hydroxides and oxyhydroxides and is

inaccessible to plants and microorganisms. Certain bacteria

can acquire this iron by secretion of low molecular weight

iron chelators called siderophores which can form strong

association with the metals for complexing iron. While

doing so, siderophore helps in the sequestration of different

heavy metals also and thus protect the plants from the

damaging effects of the heavy metals (Rajkumar et al.

2010). All our isolates are resistant to multiple heavy metals

and antibiotics. Many PGPRs isolated from different plants

growing in heavy metal-enriched environment have been

shown to be resistant to heavy metal (Jiang et al. 2008;

Rajkumar et al. 2005). To survive under metal stress con-

ditions, PGPRs have evolved several mechanisms like

precipitation of metal as insoluble salts, accumulation and

sequestration of the metal ions inside cell, biotransforma-

tion of toxic metal to less toxic forms to tolerate the uptake

Table 1 Effect of test strains

on the mustard plant growth:

shoot and root fresh weight and

dry weight

Soil sample Plant length (cm) Plant weight (mg plant-1)

Shoot Root Fresh Dry

Control (no inoculum) 4.08 ± 0.07d 7.09 ± 0.15d 140 ± 9.4d 26.05 ± 0.09e

MHR2 6.51 ± 0.09b 12.18 ± 0.40b 168 ± 19.6b 38.11 ± 2.1b

MHR3 5.93 ± 0.44c 11.38 ± 0.22c 167 ± 18.6b 33.16 ± 1.8c

MHR4 4.59 ± 0.16d 11.39 ± 0.28c 151 ± 10.2c 29.13 ± 1.4d

Consortia 7.75 ± 0.01a 13.09 ± 0.18a 173 ± 20.6a 42.051 ± 1.4a

Values are means (n = 3) ± standard deviation. All experiments were conducted in the presence of TCP

added in the soil. Data of columns indexed by the same letter are not significantly different between PGPB

treatments according to Fisher’s protected LSD test (p\ 0.05)

Table 2 Effect of inoculation of the three strains on accumulation and translocation of Pb in B. juncea

Metal content (mg/kg plant dry weight) Bioconcentration factor* Translocation factor**

Shoot Root

Control 12.11 ± 3.95c 100.28 ± 2.15c 0.501 0.120

MHR2-treated soil 29.39 ± 2.01b 140.11 ± 4.12b 0.700 0.210

MHR3-treated soil 25.27 ± 11.20c 135.67 ± 10.02c 0.678 0.186

MHR4-treated soil 24.360 ± 8.12c 134.80 ± 13.04c 0.669 0.180

Consortium 33.09 ± 7.0a 145.40 ± 9.09a 0.727 0.227

* Metal concentration ratio of plant roots to soil; ** metal concentration ratio of plant shoots to roots

Values are means (n = 3) ± standard deviation

Data of columns indexed by the same letter are not significantly different between PGPB treatments according to Fisher’s protected LSD test

(p\ 0.05)
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of heavy metal ions. For observing the effects of our iso-

lated PGPRs on growth promotion of other plants, we

selected Brassica sp. as there are many reports of these

plants to tolerate multiple heavy metals and even they have

shown good growth in fly ash amended soil (Kumar et al.

2008). In our pot culture-based experiment, we observed

improved growth performance of the Indian mustard seed-

lings in the presence of the isolates than the control

untreated plants. Lead was added with normal soil to see the

whether the PGPR could enhance phytoabsorbtion of lead

by the plants. More heavy metal accumulation was

observed in the roots and shoots of the plant in the presence

of the isolates than the control group. In a similar type of

experiment, Wu et al. (2006) also observed enhanced phy-

toextraction of heavy metals by B. juncea inoculated with

rhizobacteria isolated from plants of a Pb–Zn mine tailing.

Among the three strains studied, highest phosphate

solubilization was found by MHR2. It also showed highest

IAA production (27 mg l-1) where the other two strains

produced almost similar amount of IAA (*20 mg l-1)

(Fig. 3a). This result is in good correlation with the value

shown in Table 2 concerning the efficiency of PGPR on

plant growth promotion. It is also in good agreement with

result from Table 2 showing lead accumulation by the

strains. Higher IAA production by that strain MHR2

resulted in higher fresh and dry biomass of B. juncea

suggesting that there was a significant relationship between

the plant growth-promoting potential of PGPR strains and

their level of IAA production. The results of this study

match with the result of Gravel et al. (2007) who also

observed a significant relation between plant growth-pro-

moting activity of PGPR and level of IAA production. The

strains showed a cumulative effect on plant growth as plant

growth rate was highest when the strains were applied as

consortia. In addition, this study also shows that increased

phosphate solubilization by PGPR can play an important

role in metal uptake by plant in metal-contaminated soils

(Zaidi et al. 2006; Ma et al. 2009). Varying level of metal

tolerance has been reported from other PGPRs also. Many

of them also showed antibiotic resistance like our strains

(Jiang et al. 2008; Rajkumar et al. 2005). Increased use of

antibiotics in healthcare and agriculture has aggravated

transfer of the antibiotic-resistant genes through horizontal

gene transfer. It has been proposed that under environ-

mental conditions of metal stress, metal and antibiotic-re-

sistant bacteria adapt faster by the spread of plasmid-based

R-factors than by mutation and natural selection (Silver

and Misra 1988). The multiple antibiotic resistance prop-

erty of the strains would make them stronger for estab-

lishing themselves in any introduced soil. In natural

environments also, these isolates would gain better chance

of survival having higher competence. A large body of

evidence suggests that PGPR enhances the growth, seed

emergence and crop yield, and contribute to the protection

of plants against certain pathogens and pests (Beneduzi

et al. 2012). Due to the possession of these multifarious

properties, these strains have the potential to be used as

bioinoculant to promote growth of a phytocover in the fly

ash dumping grounds and other mine tailings and promote

phytoextraction of heavy metals and minimize leaching of

heavy metals in the surroundings and thus would be helpful

in the phytorestoration of the degraded landscape. On the

other hand, commercialization of the PGPR strains con-

taining antibiotic-resistant genes needs detailed under-

standing on the mechanism of resistance of the strains

towards the heavy metals and antibiotics. If the resistance

genes for the antibiotics and biocides/metals are located

physically on the same plasmid, metal/biocide exposure

can also promote horizontal gene transfer of antibiotic

resistance. The number of infections caused by antibiotic-

resistant bacteria is rising worldwide. So precautions need

to be taken to minimize mobilization of diverse range of

antibiotic resistance genes present in the environmental

microbial community into pathogenic bacteria via HGT

(Pal et al. 2015). Although not much conclusive experi-

ments are present on HGT between heavy metal-resistant

PGPRs and pathogenic bacteria, more studies are essential

before their environmental release. Pal et al. (2015) first

carried out large-scale identification of bacterial taxa,

metals and environments of particular concern for co-se-

lection of resistance against antibiotics, biocides and met-

als. According to them, plasmids provide limited

opportunities for biocides and metals to promote HGT of

antibiotic resistance through co-selection, whereas ample

possibilities exist for indirect selection via chromosomal

biocide/metal resistance genes.

Among the three isolates in this study, B. anthracis

strain MHR2 needs special discussion due to renowned

popularity of Bacillus anthracis as the only causative agent

of the deadly disease anthrax. Being serious and often fatal,

this disease mostly affects wild and domestic herbivores

(zoonotic disease) due to its highly resistant long lasting

spores. Ecology-related studies reveal the existence of

vegetative spores of this obligatory pathogen in soil having

high pH[ 6.1 and high calcium levels. Anthrax spores are

best survived in black soil rich in nutrient organic matter,

ambient moisture and temperatures above 15 �C (Hugh-

Jones and Blackburn 2009). Recent researchers have,

however, revealed that due to very specific nutrient and

temperature requirements it is unlikely for anthrax bacilli

spores to grow outside the host body. Experimental evi-

dences have reported poor growth of vegetative spores

outside host tissue, due to specific physiological and

nutrient requirements. The vegetative spores face antago-

nism from other bacterial strains thereby reducing their

efficiency to survive in environmental soil samples
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deficient of required nutrients. This leads to a decline in the

viability of the spores, and it becomes difficult for B.

anthracis to cause anthrax even when favourable condi-

tions return (Turnbull 1991, 1992). Early bacteriological

history dated back in 1940s to 1960 (Buchanan et al. 1966)

evaluated seven specific strains having similarities with B.

anthracis namely B. anthracis similis, B. anthracis simu-

lans, B. anthracis symptomatici, B. anthracoides, B.

anthraciformis and B. pseud(o)anthracis, which although

resemble B. anthracis in vitro, but have failed to induce

anthrax in laboratory animals. Bacillus anthracis contains 3

main virulence factors which are coded on 2 plasmids,

pXO1 and pXO2. Absence of any one of these factors

results in the formation of an avirulent type, unable to

cause virulence. Sterne (1939, 1959) showed a specific

environmental strain named as the Sterne strain which was

not virulent and did not contained virulence plasmids and

capsule. The Sterne strain had naturally lost its ability to

produce a capsule, or a layer of polysaccharides, which

protects it from being consumed and destroyed by our

defensive immune system cells. This strain sometimes

finds importance in microbiology laboratories for testing

the ability and accurately identifying and diagnosing

anthrax, and also a source for anthrax research. This being

a predominant strain has been used for immunization of

domesticated animals against anthrax worldwide since

many decades. The Sterne strain lacks pXO2 plasmid and

may regain it becoming capsulated from gene transfer of

other strains, however, since its discovery in 1930 no case

of virulence has been reported to cause anthrax neither in

animals nor in humans (Sterne 1939, 1959).

The research work conducted by Mukherjee et al. has

found three potential strains including Staphylococcus,

Bacillus anthracis and Bacillus species capable for use in

phytoremediation. Although the three strains have shown

equally commendable results in various PGPR tests con-

ducted, MHR2 results surpass the other two MHR3 and

MHR4 in terms of IAA production and phosphate solubi-

lization. Commercialization of MHR2 and MHR3 would

pose no problem as these strains do not find evidence of

being reported as environmentally unsafe or have reported

evidence of pathogenicity due to field applications. The use

of Bacillus species (Bai et al. 2002) and Staphylococcus

species (Ipek et al. 2014) has earlier been studied and

reported for their phosphate-solubilizing ability (Wani and

Khan 2010) and plant growth-promoting ability (Kumar

et al. 2012). But commercialization of B. anthracis would

not be possible due to the report of horizontal gene transfer

among virulent B. anthracis strains in field (Saile and

Koehler 2006). Unfortunately, though the studies con-

ducted for the strain MHR2 did not show sign of

pathogenicity under laboratory environment, the question

of mutation in this particular species or reoccurrence of its

virulence remains questionable. It has also been found that

relapse of virulence in the Sterne strain has not occurred

during its course of existence since 1930. Keim et al.

(1997), have emphasized on the extremely conservative

nature of B. anthracis as only 3% of its genome has any

changes. Although at this point the authors cannot confirm

that whether this Bacillus anthracis strain MHR2 is a type

of Sterne strain or one of the seven nonpathogenic varieties

of B. anthracis identified by Buchanan et al. (1966), further

experiments would be conducted to identify the strain by

DNA hybridization study (Turnbull 1999). Our finding of

nonvirulent strain of B. anthracis supports the observation

of Turnbull et al. (1992) that not all Bacillus anthracis can

cause anthrax. According to him, the nonvirulent B.

anthracis isolates lacking capsule or toxin producing genes

exist in the environment. According to Turnbull et al.

(1992, 1999), these types of strains may contain high spore

counts initially but do not support the perception that when

distributed environmentally they will be a source of

anthrax, keeping in mind its enriched requirement to

flourish as a pathogen. But still as scarce work has been

done on acquisition of virulence by a nonvirulent anthrax

strain, we would not recommend environmental exposure

of the strain right now without undergoing further experi-

ments. Horizontal gene transfer has been noticed in

pathogenic B. anthracis strain in the rhizosphere of grass

species (Saile and Koehler 2006). Although we have not

found any previous report of nonvirulent strain of B.

anthracis as PGPR, evidences are accumulating that like

many other bacteria, B. anthracis also can interact with

plants and even they promote plant growth to enhance its

rate of transmission among grazing hervivors (Ganz et al.

2014). Ganz et al. (2014) have shown that B. anthracis

increased the rate of establishment of Enneapogon des-

vauxii (native grass) by 50%. Moreover, the interaction of

the strain with its host enhanced soil community compo-

sition also. However, this is the first report of occurrence of

an avirulent strain of B. anthracis as PGPR in soil rhizo-

sphere of a weed.

Conclusions

The present study concludes that S. spontaneum which is

one of the most abundantly colonized grasses in the ash

pond houses many phosphate-solubilizing bacteria in its

rhizosphere. As we have identified three different bacteria

capable of plant growth promotion as well as source of

phytoremediation of contaminated soil, we go by the fact

that all the three strains MHR2, MHR3 and MHR4 are

potential candidate for phytoremediation. However, among

the three strains only MHR3 and MHR4 would be rec-

ommended for field-based application by the authors.
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Considering the risks of environmental dissemination of

antibiotic-resistant genes MHR3 and MHR4 would serve as

better candidates than MHR2 as they carry less number of

antibiotic-resistant genes. Although not a pathogen, the

avirulent strain Bacillus anthracis MHR2 cannot be rec-

ommended for field-based application due to the fear of

debateable relapse of virulence.
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