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Abstract Application of endosulfan tolerant rhizospheric

bacterial strain isolated from pesticide contaminated area,

Ghaziabad in combination with V. zizanioides for the

remediation of endosulfan is described herein. The dissi-

pation of endosulfan from soil was considerably enhanced

in the presence of bacterial strain and Vetiveria zizanioides

together when compared to the dissipation in presence of

either of them alone. Four strains— EAG-EC-12 (M1),

EAG-EC-13(M2), EAG-EC-14(M3) and EAG-EC-15(M4)

are used for this purpose. V. zizanioides was grown in

garden soil spiked with 1500 lg g–1 of endosulfan and

inoculated with 100 ml of microbial culture of above

motioned strains. Effect of microbial inoculation on plant

growth, endosulfan uptake and endosulfan removal effi-

ciency were analyzed. The microbial inoculation signifi-

cantly enhances the growth of test plant and endosulfan

dissipation from soil (p\ 0.05). The addition of bacterial

strain M1, M2, M3 and M4 in treated pots showed

enhanced root length by 13, 33 35, 20.2 and 4.3 %, above

ground plant length by 16.38, 35.56, 24.92 and 9.8 % and

biomass by 33.69, 49.63, 39.24 and 17.09 % respectively

when compared with endosulfan treated plants. After

135 days of exposure, a decline in endosulfan concentra-

tion by 59.12, 64.56, 62.69 and 56.39 % was obtained in

the spiked soil inoculated with bacterial strains M1, M2,

M3 and M4 respectively whereas, decrease in endosulfan

concentration by 72.78, 85.25, 76.91 and 65.44 % in the

vegetative spiked soil inoculated with same strains was

observed during same exposure period. After 135 days of

growth period, enhanced removal of endosulfan from

experimental soil by 13.66, 20.69, 14.22 and 9.05 % was

found in vegetative experiment inoculated with same

strains when compared with non vegetative experiment.

Result of the study showed that use of toletant plant and

tolerant bacterial strains could be the better strategy for the

remediation of endosulfan contaminated soil.

Keywords Rhizoremediation � Contaminants �
Detoxification � Metabolites � Tolerance

Introduction

In present study, among various chlorinated pesticides,

intensive attention has been given to endosulfan because it

is not only highly toxic but also widely used in large

quantities in many countries as a broad-spectrum insecti-

cide. Due to widespread use, the isomers and metabolites

of endosulfan have penetrated into almost all ecosystems,

which threaten the human health and cause imbalance in

natural processes. Apart from its capacity to directly

damage the nervous system, endosulfan also acts as an

endocrine disruptor, even low levels of exposure during

pregnancy could result in various forms of endocrine dis-

rupting effects in the offspring, including mental retarda-

tion, reproductive organ anomalies, developmental

disorders, behavioural disorders later in life etc. (US-EPA

2002; Agency of Toxic Substances and Disease Registry,

Toxicological Profile for Endosulfan 2000). At present,

India is the largest producer and consumer of endosulfan in

the world and due to its incessant use and messy industrial
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production, endosulfan contaminated soils are widespread

in the country (Bhadauria et al. 2012; Devi et al. 2013).

Residues of endosulfan have been detected in areas far

distant from where it has been used, which indicates its

long-range environmental transport. The half-life of

endosulfan in soil varies from 60 days (alpha-endosulfan)

to 800 days (beta-endosulfan). The persistence increases

by acidic conditions, while in water it varies from 35 to

150 days. Endosulfan is highly insoluble in water; hence,

mostly it is associated with soil particles. Soil contaminates

with endosulfan mainly by the application in agricultural

fields. Long after use of the endosulfan, these chemicals

remain in the soil and sediments where they can enter the

food chain directly. Therefore, the contaminated soil sites

serve as a sink of these pesticides. So, there is an urgent

need to develop cost effective, eco friendly and sustainable

technology for removal or detoxification of these contam-

inants from degraded soil.

The in situ remediation of persistent organic pollutants

(POPs) is difficult as the contaminant is tightly bound in

soil matrix. Bioremediation can be applied in situ without

the removal and transport of polluted soil and disturbance

of the soil matrix. For making this technique meaningful,

suitable bacterial strain need to be inoculated that can

thrive in the contaminated soil and degrade the target

compounds (Panno et al. 2005). Phytoremediation is a cost

effective and innovative technology that uses plants to

clean up a broad range of organic and inorganic wastes

(Warsaw et al. 2012; Ibrahim et al. 2013; Li et al. 2014).

Without microbial contribution, phytoremediation alone

may not be a viable technology for many hydrophobic

organic pollutants (Chaudhry et al. 2005). To overcome the

possible restrictions on plant growth, tolerant rhizospheric

bacterial strains have been used to detoxify contaminants

that occur in close proximity to the plant (Huang et al.

2005; Epelde et al. 2009). Use of tolerant plant along with

rhizospheric tolerant bacterial strains enhances the survival

of microbes by secreting root exudates which helps the

strains in effectively detoxify contaminants in close prox-

imity of the roots.

The grass varieties were reported to be the most suit-

able plant species for rhizosphere bioremediation of

organic contaminants due to their ability to harbour large

number of bacteria on their highly branched root system

(Kidd et al. 2008; Datta et al. 2013). In our previous study,

we found that V. zizanioides can accumulate considerable

amount of endosulfan in their tissue (Singh and Singh

2014) and these selected strains can tolerate high concen-

tration of endosulfan. The aim of the present study was to

examine the dissipation of endosulfan by V. zizanioides

along with microbial isolates M1, M2, M3 and M4.

Materials and methods

Isolation and characterization of bacterial strains

Bacterial isolation was carried out by following the serial

dilution method using minimal salt medium (composition:

7 g dipotassium phosphate, 2 g monopotassium phosphate,

0.5 g sodium citrate, 1 g ammonium sulfate, 0.1 g mag-

nesium sulfate in 1 L medium pH 7.0 ± 0.2) and then

incubated in an orbital shaker, at 37 �C and 150 rpm.

Plates were inoculated at 37 �C for 24 h. After 24 h of

inoculation, the isolated pure colonies developed on the

agar plates. Separate colonies were picked up for the

purification of bacteria by streaking method on MSM agar

plates supplemented with 1500 lg mL-1 endosulfan.

Subsequently, four endosulfan degrading bacterial strains

coaded as EAG-EC-12, EAG-EC-13, EAG-EC-14 and

EAG-EC-15 were also used. For identification of endo-

sulfan degrading bacterial strains on the basis of 16s

ribosomal RNA technology, they were grown in nutrient

broth separately for overnight and pellets were formed by

centrifugation at 15,000 gX 15 min for RNA extraction.

These strains were identified on the basis of their homology

([99 %) of RNA sequence with NCBI database of bacteria

following 16s RNA technology. The NCBI accession no.

for these strains: EAG-EC-12 (KU886044), EAG-EC-13

(KU886045), EAG-EC-14 (KU886046) and EAG-EC-15

(KU886047). For convenience the EAG-EC-12,EAG-EC-

13, EAG-EC-14 and EAG-EC-15 strains in this paper are

coded as M1, M2, M3 and M4 respectively.

Inoculum preparation for degradation study

The inocula of the bacterial strains for all experiments

were prepared by incubating these bacterial strains sepa-

rately in nutrient broth for 4 days at 28 �C on shaker at

150 rpm. Cell pellet was collected by centrifugation of

cell culture at 4 �C and 10,000 rpm for 10 min. Cells

were washed 3 times with 25 mL of sterile 12.5 mM

phosphate buffer (pH 7.2) and quantified by dilution plate

count technique. For pot culture experiment, 106 cells

were added per gm of soil.

Experimental design

Pot experiment was performed in green house for

135 days. A stock solution of endosulfan was prepared

with hexane in order to obtain a concentration of endo-

sulfan at 1500 lg g-1. Two sets of experiment namely

vegetative and non-vegetative were carried out simultane-

ously. The experimental setup illustrated in Fig. 1.
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Non vegetative experiment

Eight inches earthen pots were filled with endosulfan

spiked soil and inoculated with 100 mL each of M1, M2,

M3 and M4 strains. Besides, control treatments were also

set up to calculate the loss of endosulfan through envi-

ronmental factors and through native microbes. Three sets

of control include: (i) Non spiked soil without inoculums

(S); (ii) spiked soil without inoculums (S?E); and (iii)

Spiked soil sterilized with HgCl2 to kill native microbes

(S?E?HgCl2).

Vegetative experiment

Rhizomes of V. zizanioides were first grown in vermiculite

and after 2 weeks, the V. zizanioides saplings were trans-

planted in each pot. Four treatments were given, that

included the endosulfan spiked soil with V. zizanioides and

above mentioned bacterial strains (M1, M2, M3 and M4).

Similar to non vegetative experiment, additional control

experiments were also set up. Three sets of control include:

(i) Non spiked vegetated soil without inoculums (S ? P);

(ii) Spiked vegetated soil without inoculums (S?P?E);

and (iii) Spiked vegetated soil sterilized with HgCl2
(S?P?E?HgCl2).

Nine replicates of each treatment were taken. Three

samplings were done at 45, 90 and 135 days of exposure.

Three replicates of each treatment were harvested during

each sampling. Morphological parameters of experimental

plant were measured during each harvesting. Remaining

amount of endosulfan concentrations in experimental soil

were detected by the method of Anastassiades et al. (2003).

Instrumentation and operating conditions

Endosulfan isomers and its metabolite concentrations were

analyzed on a Perkin Elmer (Norwalk, CT, USA) gas

chromatograph Model Clarus 500 series equipped with a
63Ni electron capture detector (ECD) system. A split/split

less injector was used in a split less mode, applying

injection volume of 1 lL. For separation a 35 % diphenyl

and 65 % dimethyl polysiloxane capillary column (30 mX

0.32 mm ID X 0.5 lm) Elite 5 (Perkin Elmer, USA) was

employed. The injection temperature was 250 �C and

detector temperature was 300 �C. Nitrogen (N2) of purity

greater than 99.999 % was used as carrier gas at pro-

grammed flow of 1.0 mL/min. Oven temperature was

170 �C (2 min), an increase of 10 �C/min to 250 �C.

Statistical analysis

The experiments were carried out in triplicates and the

results are presented in average ± SD. The data were

subjected to one-way ANOVA (analysis of varience) and

statistical significance was estimated. Duncans test was

used to compare treatment with control.

Results and discussion

Effect of bacterial strains on growth of V. zizanioides

The growth of V. zizanioides is graphically presented in

Fig. 2. The supplementation of microbial strains signifi-

cantly (p\ 0.05) enhanced the growth in terms of root

Batch I 
(Non- 
vegetative 
experiment) 

S S+E S+E+ HgCl2 S+E+M1 S+E+M2 S+E+M3 S+E+M4

stnemtaerTlortnocdetategev-noN

Batch II 
(Vegetative 
experiment) 

S+P S+P+E S+P+E+ HgCl2 S+P+E+M1 S+P+E+M2 S+P+E+M3 S+P+E+M4 
stnemtaerTlortnocdetategeV

Fig. 1 Experimental layout S Soil, E Endosulfan, P Plant, M1 EAG-EC-12, M2 EAG-EC-13, M3 EAG-EC-14, M4 EAG-EC-15
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length, above ground plant length and biomass of V.

zizanioides in endosulfan spiked soil.

There was a significant (p\ 0.05) reduction in the

growth of test plants grown in endosulfan spiked soil

without additional microbial input. After 135 days, with

1500 lg g-1 endosulfan, growth in terms of root length,

above ground plant length and biomass exhibited 18.13,

16.80 and 32.75 % decline respectively, compared to

control (without microbial input and endosulfan). The

addition of bacterial strains M1, M2, M3 and M4 showed

positive effects on root length which increased by 13,

33.35, 20.2 and 4.3 % respectively when compared with

endosulfan treated plants. The longest root length of V.

zizanioides was observed in the soil amended with strain

M2 and the smallest was with strain M4. Root length of V.

zizanioides amended with strain M3 was statistically sim-

ilar to control (without microbial input and endosulfan).

The addition of bacterial strains M1 and M4 showed

decline in root length by 6.27 and 16.89 %, however,

increment of root length by 18.6 and 2.53 % was observed

in strain M2 and M3 amended soil when compared with

control (without microbial input and endosulfan).

Similarly, the amendment of same strains (M1, M2, M3

and M4) also enhanced the above ground plant length by

16.38, 35.56, 24.92 and 9.8 % when compared with

endosulfan treated plants. Similar to root length, the

longest above ground plant length was also found in the

strain M2 amended plant and the smallest was found in soil

supplemented with strain M4. After 135 days, above

ground length of test plant grown in strain M1 amended

soil was statistically similar (p\ 0.05) to control (without

microbial input and endosulfan). Increment in above

ground length of test plant grown in strain M2 and M3

amended soil by 22.46 and 9.74 % were found however,

decline by 7.76 % in above ground length of test plant

grown in strain M4 amended soil was observed when

compared with control (without microbial input and

endosulfan).

A significant (p\ 0.05) enhancement in the biomass of

test plants were observed with microbial input when

compared with endosulfan treated plants. Increase in bio-

mass by 33.69, 49.63, 39.24 and 17.09 % respectively was

observed with the addition of bacterial strains (M1, M2,

M3 and M4) when compared with endosulfan treated

plants. Biomass of test plant amended with strain M1 and

M3 was statistically similar to control (without microbial

input and endosulfan). An increment in biomass of test

plant grown in strain M2 amended soil by 25.1 % was

found and decline in biomass by 18.9 % was observed in

test plant grown in strain M4 amended soil when compared

with control (without microbial input and endosulfan).

Based on the results shown in Fig. 2, the V. zizanioides

inoculated with strains M1, M2, M3 and M4 exhibited

increased root, above ground length and biomass compared

with spiked uninoculated V. zizanioides. It was evidenced

that V. zizanioides and inoculated strains (M1, M2, M3 and

M4) had an efficient ability to increase the stress tolerance

to endosulfan. There are several ways in which rhizo-

spheric bacteria can directly facilitate the growth of plant.

They may fix atmospheric nitrogen and supply it to plants;

help in synthesizing phytohormones such as auxins, cyto-

kinins and gibberellins which can enhance plant growth;

and synthesize the enzyme 1-aminocyclopropane-1-car-

boxylate (ACC) deaminase which lowers plant ethylene

levels and helps in survival of plant against any stress

(Glick et al. 2007; Glick and Stearns 2011).

Fig. 2 Growth response of V.

zizanioides in the presence or

absence of microbial input after

135 days
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Removal of endosulfan from soil

The residual quantity of endosulfan in soil was determined

to analyze the effect of V. zizanioides and bacterial inoc-

ulation on endosulfan degradation in soil. Data obtained

from the study provides a comparison between the spiked,

non vegetative, inoculated and vegetative, spiked and

inoculated treatments (Fig. 3). A gradual decline in the

concentration of endosulfan with time was observed in

almost all the treatments at endosulfan concentration of

1500 lg g-1 In the treatments with added bacterial strains

viz. S?E?M1….M4 and S?P?E?M1……M4, the effect

was quit significant and a sharp decline (p\ 0 0.05) in

endosulfan concentration was observed at the end of

incubation period as compared to respective control (S?E

and S?P?E).

Non vegetative experiment

The unspiked control (S) had 0.06 lg g-1of endosulfan

was observed. This slight amount may be due to the

deposition of volatilized endosulfan from other sources. In

the uninoculated, spiked soil (S?E), decline in endosulfan

residue in soil was observed by 5.24, 11.73 and 18.8 %

respectively at 45, 90 and 135 days of growth period. This

decrease in endosulfan concentration may be due to both

degradation by native microflora of soil, physico-chemical

(volatilization and photodegradation) and environmental

factors like temperature, pH and moisture content (Singh

et al. 2004). In the spiked soil sterilized by HgCl2, decrease

in endosulfan residue was found by 3, 7.1 and 14.66 %

respectively on 45, 90 and 135 days of exposure. This

decrease in endosulfan concentration may be due to phy-

sico-chemical and environmental factors only because

indigenous microorganisms were killed due to HgCl2
treatment. From the result, it was observed that after

135 days of incubation period 13.66 % endosulfan was

removed by environmental factors and 4.14 % endosulfan

was degraded by native microbes present in soil.

A decrease in endosulfan concentration in the spiked

soil having bacterial inputs with increasing incubation

period was observed. In the spiked soil inoculated with

bacterial inoculums (M1, M2, M3 and M4), the highest

degree of removal of endosulfan was obtained with strain

M2 and the lowest with strain M4 at all incubation periods.

After 135 days of exposure, a decline in endosulfan con-

centration by 59.12, 64.56, 62.69 and 56.39 % was

obtained in the spiked soil inoculated with bacterial strains

M1, M2, M3 and M4 respectively. The endosulfan degra-

dation potential of screened bacterial strains was found in

the order M2[M3[M1[M4.

Degradation of pesticides refers to the breakdown of

pesticides within environment. The degradation may refer

through photodegradation, chemical degradation and

biodegradation. Biodegradation of endosulfan in soil was

studied by (Odukkathil and Vasudevan 2013) in four bac-

terial isolates, capable of growing on endosulfan as sole

carbon source. They reported decline in endosulfan con-

centration of up to 69 % in soil containing 200 lg g-1

endosulfan after 40 days of incubation in presence of each

individual bacterial isolate. In another study, authors have

found that the bacterium Pseudomonas sp. was highly

efficient in degrading endosulfan (Panno et al. 2005).

However, in the present study, the maximum degradation

observed was 71.92 % (spiked soil inoculated with strain

M2). This difference in the results may be due to several

reasons including the efficiency of the isolates, the type of

soil used for the study and the concentration of endosulfan

used. Endosulfsan is an organic pesticide having carbon

and sulfur in its molecular composition. Presence of

Fig. 3 Residue remains in vegetative and non vegetative experiments

after different growth period i.e. a = 45 day, b = 90 day, c = 135

days of growth period of experimental plant
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endosulfan concentration in soil provides additional carbon

source to microbes, which cause proliferation of microor-

ganism using carbon and sulfur of endosulfan as nutrient

source and biodegrade endosulfan to either its non toxic

forms (endosulfan diol and endosulfan lactone) or end

products CO2 and H2O.

Vegetative experiment

In the vegetative spiked and uninoculated soil (S?P?E),

removal of endosulfan was 12.07, 20.95 and 29.35 % after

45, 90 and 135 days of experiment respectively. Compared

to non vegetative spiked uninoculated soil (S?E) the

removal of endosulfan by S?P?E was significantly (95 %

confidence level) increased by 6.83, 9.22 and 10.55 % after

45, 90 and 135 days respectively. Removal of endosulfan

from soil by phytomass of Ocimum basilicum was reported

by Ramirez-Sandoval et al. (2011). They reported a

decrease in endosulfan concentration up to 37 % in soil

containing 1000 mg kg-1 endosulfan after 90 days of plant

growth. In another study, removal of endosulfan from soil

by Brassica juncea was reported up to 14.5 % (Mukherjee

and Kumar 2012).

In the case of spiked, vegetative but sterilized soil

(S?P?E?HgCl2) removal of endosulfan was 5.36, 12.69

and 23.16 % after 45, 90 and 135 days of plant growth. In

this case significant percentage of endosulfan 6.36, 14.62

and 25.39 % removal was recorded when compared to

same on non vegetative experiment. This increase in

removal of endosulfan in sterilized, vegetative, spiked soil

is due to root exudates secreted by V. zizanioides which

enhanced the degradation of endosulfan (Sicilliano et al.

2003; Nelson 2004). The main reason for the improved

degradation of endosulfan in present study is presumably

the increase in the number and metabolic activity of

microbes in the rhizosphere through exudates secretion by

V. zizanioides roots. Plant root exudates contain sugars,

organic acids, and amino acids as main components

(Vancura and Hovadik 1965). The exudation of nutrients

by V. zizanioides roots creates a nutrient-rich environment

in which bacterial activity is stimulated. Bacteria able to

use these chemicals as carbon and/or energy sources often

have enzymes that can (co-) metabolise pollutants with

similar structures. Thus, the degradation of several chlori-

nated pesticides has been reported to be higher in a vege-

tated soil than a non-vegetated soil (Kingsley et al. 1994;

Kuiper et al. 2001; Abhilash et al. 2011).

Similar to non vegetative, spiked soil, in vegetative

spiked soil inoculated with bacterial strains M1, M2, M3 and

M4, the highest degree of removal of endosulfan was

observed with strain M2 and the lowest with M4 at periods.

A decrease in endosulfan concentration in vegetative spiked

soil having bacterial inputs with increasing growth period

was observed. The retardation of endosulfan was more in

vegetative soil than in non-vegetative. After 135 days of

exposure, a decline in endosulfan concentration increased to

72.78, 85.25, 76.91 and 65.44 % in the vegetative spiked soil

inoculated with bacterial strains M1, M2, M3 and M4

respectively. The endosulfan degradation potential of bac-

terial strains and V. zizanioides in combination followed the

similar trend as non vegetative spiked soil inoculated with

bacterial input i.e. M2[M3[M1[M4. In vegetated

pots, an increase in endosulfan removal by 13.66, 20.69,

14.22 and 9.05 % was reported as compared to non vege-

tated, spiked pots containing microbial inoculums.

Normally plants mediate their effect indirectly via rhi-

zodeposits, which attract active and diverse group of

microorganisms thereby facilitating the biodegradation

process (Kuiper et al. 2004). The rhizosphere effect gets

more prominent only after development of well-defined

root zone and colonization of the roots by different group

of microorganisms, a process which is slow and time taking

(Sicilliano et al. 2003; Kuiper et al. 2004).

Few workers have reported the biodegradation of pes-

ticides in soil in presence of externally added degraders.

Singh et al. (2004) studied the biodegradation of chlor-

pyrifos (an organophosphate pesticide) in soil by an En-

terobactor sp. the bacterium was capable of degrading up

to 48 % chlorpyrifos within 3 days with the formation of 3,

5, 6-trichloro-2-pyridinol and diethyl thiophosphate as

metabolites. They also reported that a high inoculum

density facilitates biodegradation. Results of the present

study agree well with those of Rani and Juwarkar (2012).

In their study they reported, 14 % enhanced phorate

degradation by utilizing B. juncea and externally aided

bacterial strains in comparison with the bacterial consor-

tium alone. Becerra-Castro et al. (2013) have also reported

enhanced HCH dissipation by the use of Cytisus striatus in

combination with strains Rhodococcus erythropolis and

Sphingomonas species.

Microbial degradation has been reported to be a

promising way to alleviate anthropogenic compounds from

the environment (Rani and Juwarkar 2012). The supple-

mentation of microbial isolates results in the enhanced

growth of test plants, which in turn results in an enhanced

removal of organic contaminants from soil (Ontanon et al.

2014; Shahsavari et al. 2015). The growing plants release

plant root exudates, mucigel and root lysates (enzymes,

amino acids, carbohydrates, low molecular mass car-

boxylic acids, flavonones and phenoloics) (Kidd et al.

2008) which support the growth, multiplication and

degradation potential of associated microbes (Korade and

Fulekar 2009). Efficient remediation of organic pollutants

contaminated sites by combined use of tolerant plants and

microbes has been reported by Korade and Fulekar (2009);

Ahamed et al. (2012) and Becerra-Castro et al. (2013).
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In the present study, V. zizanioides played a supportive

role in the degradation of endosulfan rich soil hence it is

competent for rhizosphere bioremediation of endosulfan

in soil, which may be credited to its advantageous fea-

tures of having fibrous root system providing large

specific surface area to interact with microorganism and

capacity to release high amount of exudates in the rhi-

zosphere (Datta et al. 2013). Results from vegetative

experiments are of higher importance because these show

the effectiveness of symbiosis between microbes and

plant over the effectiveness of the microorganism alone

for removal of endosulfan.

Formation of metabolites of endosulfan

Metabolism of endosulfan results in the formation of

transformation products of endosulfan. Endosulfan is first

metabolized to endosulfan sulfate, or endosulfan diol, fol-

lowed by further degradation from endosulfan diol to

endosulfan ether or endosulfan lactone (Xie et al. 2011). In

the present study, endosulfan sulfate, endosulfan diol and

endosulfan lactone was formed (Figs. 4, 5, 6), which shows

the degradation of endosulfan to its non toxic form. It was

reported that some bacterial species could completely uti-

lize the hydrolytic pathway (Hussain et al. 2007).

Fig. 4 Residue of endosulfan

sulfate during various growth

period i.e. a = 45 day, b = 90

day, c = 135 days of growth

period of experimental plant
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In the present study, formation of endosulfan metabo-

lites (endosulfan sulfate, endosulfan diol and endosulfan

lactone) evidenced that both oxidative and hydrolytic

pathways rhizospheric microbes to degrade the toxicant.

Endosulfan sulfate is the major and toxic metabolite of

endosulfan (Kataoka and Takagi 2013; Silambarasan and

Abraham 2014), it is formed by the oxidation of endosulfan

in presence of endosulfan sulfate monooxygenase I enzyme

(Hussain et al. 2007). In this study, it was observed that

endosulfan sulfate was found in all the samples except in

sterilized and untreated soil.

After 135 days of growth, endosulfan sulfate ranged

4.12–13.11 lg g-1 in the non vegetative soil samples from

all the treatments while it ranged 5.22–19.45 lg g-1 in the

vegetative soil samples. Maximum endosulfan sulfate

(19.45 lg g-1) was found in the vegetative spiked soil

inoculated with strain M2 whereas minimum (4.12 lg g-1)

with spiked, non vegetative soil. Endosulfan sulfate being

more toxic than parent compound (Kumar et al. 2008),

needs to be degraded to facilitate the production of less

toxic or non toxic metabolites (endosulfan diol and endo-

sulfan lactone). The result of the study, suggested that the

Fig. 5 Residue of endosulfan

diol during various growth

period i.e. a = 45 day, b = 90

day, c = 135 days of growth

period of experimental plant
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S–O bond of endosulfan is cleaved, favouring the pro-

duction of non sulfur containing molecules like endosulfan

diol, that can be easily degraded into endosulfan ether or

endosulfan lactone. Endosulfan diol is a non toxic

metabolite of endosulfan formed through the hydrolytic

pathway of biodegradation (Hussain et al. 2007) and it was

found in the range of 2.83–16.19 lg g-1 in the spiked, non

vegetative and inoculated soil. However, it ranged

14.77–43.14 lg g-1 in the vegetative, spiked and inocu-

lated soil (S?P?E?M1….M4).

Similar to endosulfan sulfate, maximum endosulfan diol

concentration was found in the spiked, vegetative soil

inoculated with strain M2 while it was found minimum in

the spiked, non vegetative soil inoculated with strain M4.

Residual endosulfan diol in soil ranged from 2.83 to

16.19 lg g-1 in the spiked non vegetative soil inoculated

with strains M1, M2, M3 and M4 after same growth period.

However it ranged from 14.77 to 43.14 lg g-1 in the

spiked vegetative and inoculated soil (M1, M2, M3 and

M4).

After 135 days of growth period, endosulfan lactone

was found in the range of 2.15–5.06 lg g-1 was with the

non vegetative, spiked inoculated soil while in the vege-

tative, spiked and inoculated soil, it was found in the range

of 7.46–14.5 lg g-1. Similar to endosulfan sulfate, maxi-

mum endosulfan lactone residue (14.5 lg g-1) was found

in the vegetative soil inoculated with strain M2 whereas

minimum (2.15 lg g-1) was found in the non vegetative

soil inoculated with strain M4. These observations were

almost same like the earlier reports (Katayama and Mat-

sumura 1993), wherein the microbial metabolism of

endosulfan isomers was found to be accompanied with the

Fig. 6 Residue of endosulfan

lactone during various growth

period i.e. a = 45 day, b = 90

day, c = 135 days of growth

period of experimental plant
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formation of endosulfan sulfate alongwith other metabo-

lites. Martens (1976) reported formation of endosulfan

sulfate, diol, hydroxy ether and lactone as the degradation

products of endosulfan. Kullman and Matsumura (1996)

studied the metabolic pathway of Phanerocheate

chrysosporium for the degradation of endosulfan. They

reported that this organism utilized both oxidative and

hydrolytic pathway for the dagradation of endosulfan and

identified endosulfan sulfate, endosulfan diol, and endo-

sulfan hydroxyether in the culture. Katayama and Mat-

sumura (1993) showed that the static cultures of

Trichoderma harzianum were capable of producing endo-

sulfan diol as the principal metabolite. They suggested that

a hydrolytic enzyme sulfatase is responsible for the indirect

formation of endosulfan diol by the hydrolysis of endo-

sulfan sulfate.From the present study, it was clear that

rhizospheric bacterial population in soil played very

important role in the degradation of endosulfan to its

metabolites. It was well known that in soil, endosulfan

could first be converted to either endosulfan sulfate or

endosulfan diol, and these two derivatives are then degra-

ded seperately (Kumar et al. 2008). V. zizanioides has

supportive role in the biotransformation of endosulfan into

its metabolites due to highly developed root system with

large surface area and deep root penetration. Exudates

secreted by V. zizanioides roots helped in the proliferation

of microbes in the rhizosphere and these microbes have

biotransform endosulfan into its non toxic forms. Although

the mechanism of biotransformation of endosulfan was not

exhibited in this research.

Conclusion

Recently, endosulfan has been proposed to be included in

the Stockholm list of (POPs) for global elimination.

Therefore, invasive remediation measures are of utmost

importance for the cleanup of already contaminated sites.

The present study suggests that phytoremediation using

rhizospheric microbes is a promising approach for the

in situ remediation of endosulfan contaminated soils. The

rhizospheric microbes were supporting the growth of test

plants and dissipation of endosulfan in soil. Although the

mode of association of rhizospheric microbes and V.

zizanioides was not elucidated in this research, there may

be several possibilities for an enhanced remediation

including growth promoting potential of rhizospheric

microbes, secretion of exudates and catabolic enzymes by

V. zizanioides. Formation of non toxic metabolites in pre-

sent study also supports that; utilization of these microbes

with V. zizanioides will be very valuable in the bioreme-

diation of endosulfan contaminated soils/sites. Selection of

plant–microbial associate where the competitiveness of the

microbial partner is improved through a ‘‘nutritional bias’’

caused by exudates available to this partner may open new

horizons for rhizodegradation of organically polluted soils.

An improved understanding of the rhizosphere will help to

convert the results of simplified bench scale and pot

experiments to field applications; however detailed studies

on plant microbe interaction needed to validate effective-

ness of rhizoremediation.
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