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Abstract Nine endosulfan degrading bacterial strains were

isolated by soil enrichment with endosulfan. Bacterial strain

M3 was the most efficient degrader. Endosulfan degradation

was accompanied by a decrease in pH of the medium and an

increase in chloride ion concentration. The bacterium was

tested for its ability to degrade endosulfan at different con-

centrations in broth and soil. Maximum degradation occur-

red at concentrations of 50 lg/ml of broth and 100 lg/g of

soil. Values of Ks and Vmax were different for (a)- and

(b)-endosulfan in broth. The kinetic indices (Vmax/Ks) for

a-endosulfan and b-endosulfan were 0.051 and 0.048 day-1

respectively, indicating that (a)-endosulfan was more rap-

idly degraded. Bacterial strain M3 was identified as Kleb-

siella sp. M3 on the basis of 16S rDNA sequence similarity

(GenBank accession number JX273762).

Keywords Endosulfan � Biodegradation � Enzyme

kinetics � Klebsiella sp. M3

Endosulfan, a sulphurous acid ester of a chlorinated cyclic

diol, is a mixture of two stereo isomers, (a)- and

(b)-endosulfan, in a ratio of 7:3. Endosulfan is a broad-

spectrum insecticide used in a wide variety of food and

non-food crops. It is known for persistence in nature.

Endosulfan contamination has been detected in soil, water,

air, and food products because of its abundant usage and

persistence in nature (Rao and Murty 1980). Endosulfan is

also well known for its non-targeted toxicity to fishes and

aquatic invertebrates (Michael et al. 2005) and has been

implicated in mammalian toxicity (Saiyed et al. 2003).

These environmental and health issues have led us to

investigate the detoxification of endosulfan present in the

environment by different bioremediation strategies.

Endosulfan detoxification in a single enzymatic reaction

makes it an ideal candidate for bioremediation. Two

pathways for single step detoxification of endosulfan have

been reported. One pathway involving hydrolysis (enzy-

matic and chemical) removes the sulphur moiety. The

resultant hexachloride endosulfan diol (Li et al. 2009)

poses little threat to the environment. Another pathway

involves oxygenation of endosulfan, resulting in the for-

mation of endosulfan monoaldehyde (Sutherland et al.

2002). Microbial metabolism of endosulfan also often

results in the formation of endosulfan sulfate via oxida-

tion (Shivaramaiah and Kennedy 2006). The aim of this

study was to find an efficient microbial degrader of

endosulfan, and determine the possible pathways for

degradation of endosulfan in nature. The gathered infor-

mation can be used in the development of bioremediation

strategies for decontamination of the endosulfan contam-

inated environment.

Materials and Methods

Soil was collected from experimental fields of Punjab

Agricultural University, Ludhiana, India. Topsoil was

collected from the first 15 cm, air dried, sieved and stored

at 4�C until used for experiments. Endosulfan degrading

bacteria were isolated by soil enrichment with endosulfan
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and followed by shake flask enrichment in NSM (non

sulfur medium) broth (Sutherland et al. 2000). Initially,

bacterial strains were selected based on their distinct col-

ony morphological features, such as shape, size, colour,

margin, surface, etc. These colonies were purified by fur-

ther streaking on the NSM agar plate. All isolated bacterial

strains were identified using 16S rDNA sequence analysis

(Goswami and Singh 2009).

The endosulfan degradation study was conducted in

100 ml of NSM supplemented with 50 ppm of endosulfan.

Experimental flasks were inoculated with 1 ml of LB

grown culture which was centrifuged and washed with

phosphate buffer (pH 7, 0.05 M). Uninoculated flasks,

spiked with endosulfan were set up as a control. All flasks

were incubated on a microbial shaker at 30�C with

150 rpm for 15 days. To monitor the degradation of

endosulfan and generation of metabolites, 3 ml of culture

were extracted using ethyl acetate. The pH and ODk595nm

of the broth were also monitored. Analysis was performed

by HPLC (high performance liquid chromatography unit,

Perkin Elmer series 200) with a UV/Vis detector. The

separation column was Pecosphere 5CR C18, 0.5 9 15 cm

(Perkin Elmer, Waltham, Massachusetts, USA). HPLC

grade water and acetonitrile in a combination ratio of 35:65

were used as mobile phase at a flow rate of 1.0 ml/min. The

column was kept at ambient temperature. LOD (limit of

detection) and LOQ (limit of quantification) were esti-

mated for endosulfan isomers and their metabolites in

HPLC using their calibration curves (Table 1). Chloride

ion concentration was estimated using the method descri-

bed by Verma et al. (2006).

Technical grade endosulfan concentrations ranging from

10 to 100 ppm were maintained in 100 ml NSM broth. As

preliminary studies with 9 isolated strains demonstrated

strain M3 as most efficient degrader of endosulfan, it was

chosen for further studies. Strain M3 was identified as

belonging to the genus Klebsiella. All flasks were

inoculated with Klebsiella sp. strain M3. Flasks were

incubated under the same conditions. A control flask

without endosulfan was also incubated. Aliquots were

withdrawn for analysis of growth and endosulfan degra-

dation. The kinetic constants Ks (affinity constant), Vmax

(theoretical maximum activity) and Vmax/Ks (kinetic index)

were also calculated using the Michaelis–Menten model at

the concentrations corresponding to which maximum

degradation was obtained.

Biodegradation of endosulfan in soil by Klebsiella sp.

M3 was tested in a microcosm as described by Li et al.

2009. Soil samples were collected from an agricultural field

of the Department of Zoology, University of Delhi, India as

described previously. The soil had never been treated

before with endosulfan. Soil samples were dried, mixed

and then sieved through a 2 mm mesh size strainer and

stored at 4�C. Half of the soil samples were sterilized. The

endosulfan was added in the sterilized and non-sterilized

soil sample to give the concentrations of 10, 50 and

100 mg/kg dw of soil, and were mixed well. One set of

non-sterilized and sterilized soil was inoculated with the

strain M3 at rate of 2 9 108 cells/g dw of soil. A corre-

sponding set of uninoculated soil served as a control.

Experimental soil samples in glass flasks were incubated at

30�C in a BOD incubator. Experimental samples were

collected at intervals of 30 days from day 0 to day 150.

Degradation was studied by gas chromatography (GC)

using a Shimadzu instrument (Model GC-17 AAF, Tokyo,

Japan) equipped with a Ni electron capture detector.

Nitrogen was used as carrier gas. The oven temperature

was programmed as follows: an initial temperature of

180�C (hold for 2 min), followed by elevation to 250�C

(hold 2 min) at a rate of 10�C/min and followed by a final

raise to 270�C at a rate of 10�C/min with a hold of 4 min.

Temperature of the injector port and detector block were

maintained at 250 and 300�C respectively. The LOD and

LOQ were also calculated for GC (Table 2).

Table 1 LOD and LOQ of endosulfan isomers and their metabolites for analysis by HPLC

a-Endosulfan b-Endosulfan Endosulfan diol Endosulfan lactone Endosulfan hydroxyether Endosulfan sulfate

LOD (lg/ml) 3.7 6.22 2.8 4.7 4.80 4.52

LOQ (lg/ml) 11.4 18.8 8.6 14.4 14.6 13.7

Table 2 LOD and LOQ of endosulfan isomers and their metabolites for analysis by GC

a-Endosulfan b-Endosulfan Endosulfan

diol

Endosulfan

lactone

Endosulfan

ether

Endosulfan

sulfate

Endosulfan

monoalcohol

LOD (lg/ml) 0.58 0.35 1.3 0.42 1.7 0.55 1.4

LOQ (lg/ml) 1.7 1.08 3.97 1.26 5.4 1.67 4.5
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The inoculated strain M3 was isolated from soil by serial

dilution on LB agar plate containing vancomycin hydro-

chloride (30 lg/ml), amoxicillin (10 lg/ml) and ampicillin

(100 lg/ml). For identification, the isolated colonies were

analysed by ERIC-PCR according to the method of Kumar

et al. (2008).

The values from triplicate samples were analyzed using

analysis of variance (ANOVA) with Sigma Plot Version

12.0. p values less than 0.05 were considered significant.

Results and Discussion

Out of nine strains isolated following enrichment, the strain

designated as M3 showed maximum degradation of endo-

sulfan with 74.5 ± 2.26 % of (a)-endosulfan and

67.5 ± 1.59 % of (b)-endosulfan degraded after 15 days in

broth. Other strains designated as M1, M2, M4, M5, M6,

M7, M8, and M9 showed corresponding degradation per-

centages of 52.4 ± 2.38, 41.2 ± 2.54, 20.5 ± 4.08,

42.8 ± 1.70, 64.1 ± 1.36, 11.8 ± 1.70, 41.6 ± 2.84 and

63.2 ± 1.9 % for (a)-endosulfan; and 30.6 ± 2.87 %,

34.9 ± 2.94 %, 35.5 ± 3.5 %, 48.5 ± 3.54 %, 66.7 ±

1.20 %, 18.5 ± 2.82 %, 34.4 ± 1.96 % and 48.9 ±

3.67 % for (b)-endosulfan respectively. Previous studies

have also reported strains having different degrading

potential with their varied degradation pathways (Suther-

land et al. 2002; Kumar and Philip 2006; Weir et al. 2006;

Verma et al. 2006). This could be due to the different

endosulfan metabolizing potentials of different strains and

due to differences in the enzyme system responsible for

endosulfan degradation (Sutherland et al. 2002; Weir et al.

2006). Even in the uninoculated control flask, (a)- and (b)-

endosulfan decreased by 9.4 ± 1.63 % and 7.47 ± 1.32 %

respectively. This degradation in control flasks was

attributed to abiological losses. On the basis of 16S rDNA

sequence analysis and BLAST search, the strain M3 was

provisionally named as Klebsiella sp. M3. 16S rDNA

sequence has already been submitted in GenBank with

accession number JX273762.

Endosulfan degradation was also accompanied by an

increase in ODk595 nm of culture media by 0.659 and a

decrease in pH by 2.5 units. This increase in OD is an

indicator of utilization of endosulfan by Klebsiella sp. M3

for its growth, as there was no increase in OD in the

control flasks without endosulfan present. An increase in

bacterial culture OD in the presence of endosulfan was

also shown by bacterial culture in a previous study

(Sutherland et al. 2000). Degradation of endosulfan

accompanied by decreased pH was also reported by

Verma et al. (2006). They documented that decreased pH

could be due to the release of chloride ions, leading to the

formation of HCl. The pH of the medium supported the

fact that the degradation of endosulfan was not via

chemical hydrolysis.

Degradation of endosulfan by Klebsiella sp. M3 was

accompanied by appearance of metabolites like endosulfan

diol, hydroxyether, lactone and sulfate (Table 3). Forma-

tion of these metabolites during endosulfan degradation has

also been reported previously (Weir et al. 2006; Shivara-

maiah and Kennedy 2006). Shivaramaiah and Kennedy

(2006) have shown endosulfan sulfate and lactone as the

terminal end products, as was observed for Klebsiella sp.

M3 in the present study. The amount of endosulfan that

was dissipated could not be accounted for by the concen-

tration of metabolites. This suggests that complete miner-

alization of some fraction of endosulfan may have occurred

(Table 3) (Kumar and Philip 2006). An increase in chloride

ion concentration by 6 9 10-6mol during endosulfan

degradation also clearly indicated extensive degradation of

endosulfan by Klebsiella sp. M3 (Verma et al. 2006). The

probable pathway of endosulfan degradation by Klebsiella

sp. M3 depicted on the basis of our obtained chromato-

grams is given in Fig. 1.

Sigmoidal growth curves were obtained at all concen-

trations, with maximum growth at 50 ppm followed by 25,

10, 75, and 100 ppm. The ODk595nm of NSM supplemented

with 10, 25, 50, 75, and 100 ppm increased by 0.25, 0.512,

0.659, 0.417, and 0.317 respectively. In NSM with no

endosulfan ODk595 nm decreased by 0.037. Inhibition of

Table 3 Concentration of endosulfan isomers and their metabolite detected at different time points during the degradation of endosulfan in broth

by Klebsiella sp. M3

Incubation

period (day)

Concentration of parent isomers and their metabolites (lg/ml of broth)

a-Endosulfan b-Endosulfan Endosulfan diol Endosulfan lactone Endosulfan hydroxyether Endosulfan sulfate

0 28.2 ± 0.54 15.0 ± 0.61 1.66 ± 0.25 ND ND ND

1 27.4 ± 1.09 14.2 ± 0.56 1.30 ± 0.41 ND ND ND

3 25.5 ± 0.64 13.2 ± 0.63 2.50 ± 0.43 1.54 ± 0.42 ND ND

7 17.9 ± 0.36 10.1 ± 0.28 6.86 ± 0.88 2.73 ± 0.64 1.30 ± 0.35 1.5 ± 0.36

15 6.98 ± 0.69 5.25 ± 0.58 1.44 ± 0.43 5.99 ± 0.42 1.93 ± 0.87 2.59 ± 0.51
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growth at higher concentration could be due to cytotoxicity

of endosulfan, as stated by Awasthi et al. (2000).

To determine the kinetics of degradation of endosulfan

by Klebsiella sp. M3, the Michaelis–Menten kinetics

model was selected to fit the experimental data. The

modified form of MM kinetic relation was used:

dS=dt ¼ �VmaxS=Sþ Ks ð1Þ

where, dS/dt is the rate of degradation, S is the substrate

concentration, and Vmax is the maximum degradation rate.

The constant Ks (affinity constant) has been used in place

of Km because the activities of bacterial cells towards

endosulfan degradation are measured using the whole cell

rather than purified enzymes (Futamata et al. 2005). The

integration of Eq. (1) yields Eq. (2).

1=t lnSo=S ¼ So � S=Kst þ Vmax=Ks ð2Þ

where, So is the initial concentration of substrate, S is the

concentration of substrate at time t, t is the period for which

degradation was studied. Kmax and Ks have already been

designated in Eq. (1). By plotting 1/t lnSo/S (Y-axis)

against So-S/t (X-axis), the inverse of the slope (m) of the

best fit straight line will give Ks and the intercept will give

Vmax/Ks (Fig. 2a, b). Lower values of Ks and higher values

of Vmax indicate a higher affinity of the bacterial commu-

nity towards degradation of substrate. The obtained results

here have shown that the (b)-isomer (Ks 17.2 mg/L) has a

higher affinity to its degrading enzyme as compared to the

(a)-isomer (Ks 32.2 mg/L), but Vmax for the a-isomer

(1.66 mg/L/day) was greater than that for the b- isomer

(0.286 mg/L/day). Instead of considering Ks and Vmax

individually, the ratio Vmax/Ks (kinetic index/specific

affinity) was considered. It actually links enzymatic sub-

strate uptake and the microbial growth. It is considered a

better approach to assess the competition for nutrients at

low concentration. Kinetic index values for (a)-endosulfan

and (b)-endosulfan were 0.051 and 0.048 respectively,

indicating better degradation capability for a-endosulfan as

compared to b-endosulfan by Klebsiella sp. M3. These

enzyme kinetic characteristics are dependent upon the

cell’s history, the organism’s intrinsic characteristics and

the existing environmental parameters. As these parameters

Fig. 2 Graph showing integrated form of modified MM equation for

degradation of (a) a-endosulfan and (b) b-endosulfan

Fig. 1 Proposed pathway for

endosulfan degradation by

Klebsiella sp. M3 in broth
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are subject to change, these kinetic characteristics can also

change (Kovarova-Kovar and Egli 1998).

Degradation of endosulfan in soil has been reported to

be somewhat different from degradation in water (Li et al.

2009). Endosulfan degradation was maximum in soil

treated with 100 lg/g dw of soil followed by 50 and

10 lg/g dw of soil, but the remaining residues of endo-

sulfan in soil increased with increasing concentrations of

applied endosulfan (Tables 4, 5). Increased degradation of

endosulfan generally occurred in inoculated soils as

compared to the uninoculated control soils (Table 5) (Li

et al. 2009; Kumar et al. 2008). An exception was

observed for (b)-endosulfan in non-sterilized soil, where

slightly more degradation occurred in the uninoculated

control soil. This indicated the endosulfan degradation

capability of Klebsiella sp. M3 in soil. Endosulfan deg-

radation in inoculated soil was accompanied by an

increase in the population of Klebsiella sp. M3 (Fig. 3).

Besides this, detection of endosulfan monoalcohol (a

degradation product of endosulfan) only in inoculated

sterilized and non-sterilized soil again supported our

assumption that Klebsiella sp. M3 played an important

role in the endosulfan degradation, along with other

indigenous strains of soil microorganisms.

Growth curves were plotted after confirming the colony

identity through ERIC-PCR. Among all treatments given

to soil, maximum growth of Klebsiella sp. M3 was

recorded in sterilized soil receiving amendments of

100 lg/g dw of soil, and minimal growth in non-sterilized

soil receiving endosulfan amendments of 10 lg/g dw of

soil (Fig. 3), indicating the positive relation between

endosulfan concentration and growth of strain M3.

On the basis of the obtained results, Klebsiella sp. M3

may be considered as an important enzymatic source for

detoxification of endosulfan contaminated sites (soil and

water). Klebsiella sp. M3 may be useful in the develop-

ment of bioprocess technologies for bioremediation.
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Table 4 Concentrations of technical endosulfan in treated soils, and

concentrations of both isomers detected in day 0 soil samples using

GC analysis

Concentrations of technical

endosulfan applied in soil

(lg/g dw of soil)

Concentration of endosulfan isomers

detected in day 0 soil samples (lg/g dw

of soil)

(a)-Endosulfan (b)-Endosulfan

10 5.57 ± 0.15 2.84 ± 0.05

50 28.4 ± 0.28 14.2 ± 1.03

100 56.2 ± 0.62 29.0 ± 1.94

Concentrations of both isomers shown in table have been calculated

by using standard calibration curves (concentration vs peak area in

chromatogram) of two isomers

Shown values are average of day 0 samples (where n=4)
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