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Abstract Endosulfan contamination is one of the major
concerns of soil ecosystem, which causes detrimental
effects not only to humans but also to animals and plants.
Therefore, the aim of this study was to isolate and identify
a novel bacterial strain capable of degrading endosulfan in
agriculture contaminated soils. A novel bacterial strain was
isolated from the sugarcane field contaminated with
endosulfan, and was named as ZAM1 strain. The ZAM1
bacterial strain was further identified as Pseudomonas
mendocina based on the biochemical and molecular anal-
ysis. 16sRNA sequence analysis of ZAM]I strain shows
maximum similarity with known endosulfan-degrading
bacteria (Pseudomonas putida), respectively. Enrichment
was carried out using the endosulfan as sole sulfur source.
The ZAM1 strain was able to use o and f§ endosulfan as a
sole sulfur source. Our results showed that ZAM1 strain
degrades endosulfan >64.5% (50 mg/l) after 12 days of
incubation. The residues were analyzed by GC-MS anal-
ysis and confirmed the formation of metabolites of dieldrin,
2 heptanone, methyl propionate, and endosulfan lactone
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compounds. Hence, these results indicate that the ZAM1
strain is a promising bacterial source for detoxification of
endosulfan residues in the environment.
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Introduction

Endosulfan is a broad-spectrum cyclodiene organochlorine
insecticide and is used to control the numerous insects in a
wide variety of crops throughout the globe. Technical grade
endosulfan comprises two isomers, o and f in the ratio of 7:3.
Endosulfan is recalcitrant to degradation with the half-life of
35-67 days of a-endosulfan and 104-265 days of B-endo-
sulfan. Although endosulfan is toxic to both aquatic and ter-
restrial life and has been phased out globally because of its
acute toxicity, long persistence, and high bioaccumulation
(Liao et al. 2004; Sandhu and Brar 2009; Shinggu et al. 2015).
In India, endosulfan is applied to sugarcane, cotton, and other
crops as an insecticide. Its continual applications resulted in
the contamination of soil and water environments at numerous
sites, mainly in the close vicinities of agricultural fields, the
exposure of endosulfan can cause a varied array of severe and
chronic effects including carcinogenesis, estrogenic action,
and endocrine disruption, posing a serious threat to environ-
mental and human health (Aggarwal et al. 2008; Schafer and
Kegley 2002; Tiemann 2008). As aresult there is an increasing
concern on environmental endosulfan contamination and in its
remediation. Persistent organic pollutants global monitoring
network program data obtained through the Global Monitor-
ing Plan (GMP) for POPs persistant organic pollutants showed
endosulfan is still abundant in the soil environment and has
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also been detected in atmospheric dust (Astoviza et al. 2016;
Harner et al. 2006), due to its high application and persistent
ability and its persistence in the soil was reported across the
world (Arias et al. 2011; Guo et al. 2015). Most of the endo-
sulfan production and consumption throughout the world was
reported in India. The endosulfan present in soil is naturally
oxidized and hydrolyzed to stable compounds of endosulfan,
i.e., endosulfan sulfate and endosulfan diol, respectively.
Mainly endosulfan sulfate is more persistent than endosulfan
diol (Becker et al. 2011; Goebel et al. 1982). It is a highly
controversial agrochemical due to its persistent and acute
toxicity (Yadav et al. 2015; Jaya et al. 2013) and has signifi-
cant and serious threats to human health (Desalegn et al.
2011). Despite, it has been extensively used for the protection
of commercial crops such as tea, cotton, sugarcane, vegeta-
bles, and fruits from broad range of pests. Its contamination
also affects the soil composition, structures, functional
microbial diversity, and their metabolic activities (Weber
et al. 2010; Defo et al. 2011; Vani et al. 2012). High con-
centration of endosulfan in soil leads to a continuous decline in
soil fertility and affects the cultivated crops (Weber et al.
2010; Fox et al. 2007).

The above-mentioned discussion highlights the role of
endosulfan in environmental pollution and researchers have
reported the concentration of endosulfan in different
matrices such as soil samples, water bodies, air, and soil
exchange (Ernst et al. 1991; Qu et al. 2015). It is very
obvious that the isomers of endosulfan are extremely toxic to
numerous life forms and are also responsible for increasing
reproductive toxicity (Choudhary and Joshi 2003), hepato-
toxicity (Jamil et al. 2004), and genotoxicity (Liu et al.
2009). Therefore, it is vital to develop technologies for
bioremediation of endosulfan present in water bodies in
higher concentrations or just above permissible limits (Ku-
mar and Philip 2006a). Number of studies have been
exemplified for the biotransformation of endosulfan in soils
by functional microbial diversity (Defo et al. 2011, Suther-
land et al. 2002a) and specific bacterial strains such as
Pseudomonas putida (Singh and Singh 2007; Sunitha et al.
2012), Pseudomonas fluorescens (Jesitha et al. 2015),
Rhodococcus sp. (Verma et al. 2011), Achromobacter
xylosoxidans, Bordetella sp. (Sand and Singh 2009), Kleb-
siella, Acinetobacter, Alcaligenes, Flavobacterium, Bacil-
lus (Kafilzadeh et al. 2015), and A. xylosoxidans (Seralathan
et al. 2015). Diagrammatic representation of endosulfan
biodegradation by Pseudomonas mendocina ZAM1 strain is
depicted in Fig. 1. It has been reported in previous studies
that a wide range of microbes, mostly bacteria and fungi are
capable of utilizing endosulfan as a sole source of carbon
and/or sulfur (Sutherland et al. 2002a, b; Sethunathan et al.
2004). Biological pesticide detoxification from soil and
water is receiving more attention due to increasing rates of
human cancer and other human- and animal-related
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disorders. Biological pesticide detoxification is the best
alternative technology of previously reported detoxification
methods such as incineration and landfill. The present study
was designed to isolate and characterize soil bacteria com-
petent of degrading endosulfan. The essence of degradation
and metabolism of endosulfan by the isolated bacterial strain
was investigated using gas chromatography and mass
spectroscopy for identification of breakdown products.

Materials and methods
Chemicals and reagents

Technical (95.5%) and analytical grade (99.5%) endosulfan
(molecular formula: COH6CI603S, molecular weight: 406.9,
chemical name: 6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hex-
ahydro-6,9-methano-2,4,3-benzodioxathiepin) was obtained
from Bayer Crop Science, India. Culture media, agar powder,
peptone broth, and nutrient broth were purchased from a local
distributor, Hi-Media (Mumbai, India). Aluminum oxide,
potassium permanganate, and iodine reagents were purchased
from Merck Ltd. (Mumbai India). Other remaining chemical
reagents and solvents used were of high quality.

Soil sample collection

Soil samples were collected from four different locations,
sugarcane-, paddy-, cashew nut-, and melon-growing fields
of Villupuram District, Tamil Nadu, India. Standard method
was followed for composite soil sample collection from
different locations. All soil samples were obtained from
10 cm below the surface and stored in sterilized bag at 4 °C.

Culture enrichment

Enrichment culture technique was used for the isolation of
bacterial strain capable of utilizing endosulfan as a sole S
source. Homogenous mixture of soil sample (25 g) was added
to 1L of media (composition gram per liter: 4.5 KH,POy, 5.8
K,HPO,, 2.0 (NH4),SOy4, 0.16 MgS0O,, 0.02 CaCl,, 0.002
Na;MoQy,, 0.001 MnCl,, and 0.001 FeSO,) and supplemented
with 5% endosulfan and incubated in shaking incubator for
15 days at 140 rpm at 28 °C. The most tolerant bacterial
strains were able to grow in basal salt medium with endosulfan
as the sole source of sulfur and enrichment of endosulfan was
increased up to 20% in the media.

Isolation and purification of the endosulfan-
degrading bacterial strain

Enriched culture was diluted up to fivefold by serial dilu-
tion with normal saline water. Bacterial isolates were
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Fig. 1 Graphical representation
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isolated from the enriched culture by spreading 0.1 ml of
aliquot on endosulfan-amended minimal media plates.
After 48 h of incubation, different colonies appeared with
distinguished morphology. These colonies were re-streaked
on the same media plates for culture purification and
preservation. The culture was stored on nutrient agar slants
supplemented with endosulfan at 4 °C.

Endosulfan tolerance assessment

The bacterial isolates were tested for tolerance against
endosulfan by dilution methods using minimal media (In-
gredients in g/l: 1 KH,PO,, 1K,HPO,, 1 NH4NO;, 0.2
MgS0,4-7H,0, 0.02 CaCl,-2H,0, 0.01 FeSO,4-7H,0, and
15 agar). During plate preparation, endosulfan was amen-
ded in media with rising concentrations of 0, 25, 50 100,
200, 300, 400, and 500 pg/ml. Test bacterial strains were
spot inoculated on the surface of solid agar with the help of
inoculation loop. All inoculated plates were incubated in
incubation chamber at 28 4 2 °C for 3 days. The endo-
sulfan-tolerant bacterial strain was grown on higher
amount of endosulfan-amended plates and it was declared
as the highest or maximum tolerance level (MTL) of this
strain.

Biochemical and molecular characterization
of ZAM1 strain

The bacterial strain ZAM1 was exhibiting maximum tol-
erance and biodegradation potential of endosulfan in the
growing medium. Initially it was identified using bio-
chemical methods and further characterized by standard
protocol (Cappuccino and Sherman 2008). For presumptive
identification, biochemical tests have been performed. It
included citrate utilization, catalase test, oxidase test,
gelatin liquefaction, nitrate reduction, indole production,
methyl red, Voges—Proskauer, and carbohydrates utiliza-
tion test such as glucose, sucrose, mannitol, and hydrolysis
of starch followed standard methods are shown in Table 1.
Molecular characterization of selected bacterial strain was
done by 16S rRNA gene sequencing. Sequencing was
carried out commercially at Macrogen private sequencing
service, Seoul, South Korea. During sequencing universal
forward primer 518 F 5'CCAGCAGCCGCGGTA
ATACG?3' and reverse primer 800R 5TACCAGGGTATC
TAATCC3' were used for DNA amplification. The pro-
gram BLASTn was run to obtain known homologous
sequences from the website of NCBI (http://www.ncbi.
nlm.nih.gov/BLAST) and maximum similarity of ZAMI
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Table 1 Biochemical properties of Pseudomonas mendocina ZAMI
strain

Biochemical tests Result

HG514307

Gram —ve, rods

Gen bank accession number

Gram staining

Fluorescent pigment +ve
Voges—Proskauer +ve
Indole —ve
Citrate +ve
L-Malate +ve
Catalase +ve
Oxidase +ve
p-Glucose +ve
Maltose —ve
Fructose —ve
Lactose —ve
D-Mannitol —ve
Dp-Mannose —ve
Urease —ve
Hydrogen sulfide —ve
Gelatin hydrolysis —ve
Starch hydrolysis —ve

strain was determined. 16S rRNA gene sequence data were
deposited in the GenBank sequence database to obtain
unique accession number. Furthermore, all related
sequence analysis of ZAM-1 strain was aligned using
Clustal W 1.6 program (www.ebi.ac.uk/clustalW). After
alignment, phylogenetic tree was constructed by neighbor-
joining method with the help of MEGA 6 software at 1000
bootstraps (Kumar et al. 2004).

Screening of efficient microbial isolates for their
capability to utilize endosulfan for growth

Experiments were performed in a batch culture and endosulfan
concentration was decided according to the tolerance. Stock
solutions of endosulfan were prepared in dimethyl sulfoxide
(DMSO). Overnight-grown bacterial culture was inoculated on
minimal salt media, which amended up to 500 pg/ml endo-
sulfan in Erlenmeyer flask and incubated in rotary shaker at
140 rpm for different time intervals and at 28 =+ 2 °C. Further
growth patterns were determined by turbidometrical analysis of
optical density of bacterial culture in media measured by UV—
Visible spectrophotometer at 600 nm.

Effect of pH and initial concentration
on degradation

Effect of pH and initial concentration on endosulfan
degradation was observed by conducting experiments from
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the least initial endosulfan concentration starting from 0 to
400 pg/ml was amended in MSM medium. Batch experi-
ment was done for 100 h. Effect of pH on endosulfan
degradation was estimated at different ranges from 4 to 9.
The pH of the media was measured as per the standard
method using a pH meter (APHA 1998).

Extraction and GC-MS analysis of degraded sample

Bacterial-mediated degradation of endosulfan in the med-
ium was assessed by GC-MS and the metabolites were
extracted using chromatographic solvent n-hexane and
acetone mixture at different time points. 5 ml of sample
was collected at each time point and centrifuged at
8000 rpm for 20 min then passed through a 0.45-pm
membrane filter (Millipore). The filtrate sample was
extracted using 3:1 ratio of hexane acetone (v/v) and
samples were kept in a water bath for evaporation at 50 °C
and then remaining residues were dissolved in 2 ml of
hexane. A Shimadzu GCMS-QP2010, Kyoto, Japan with
chromatographic column (size 0.18 mm ILD.x 0.53 mm
LD., d.f. 3.0 um + resistance tube 0.82 m x Columns:
Rxi®-624sil MS, 30 m *Particle Size Analyzer, 10 nm—
300 um) was used in this study. The injector port tem-
perature was set to 280 °C in a splitless mode with the
splitter activated after 1 min injection mode and vol-
ume:pulsed injection (300 kPa hold for 1 min) in the split
mode (1:10), 6 pL. Solvent-extracted-filtered samples were
analyzed using a specific column OV-101 and internal
temperature set at 200 °C. During experiment nitrogen gas
was used as a carrier with 25 ml/min flow rate. Further
machine injector and detector temperatures were set at 220
and 275 °C, respectively. The MS analysis of bacterial
metabolites from the endosulfan-degraded sample was
done using a CP-Sil-8CB capillary column equipped with
MS. Sample injector temperature was set according to
program at 0 min from 100 to 300 °C and increased to
180 °C/min for 45 min. The compounds present in
metabolites were identified on the basis of retention time
and spectra further matched with the NIST library.

Results and discussion
Soil endosulfan assessment

Endosulfan concentration was detected in the composite
mixtures of soil samples of sugarcane fields. Endosulfan
level in the soil sample was analyzed in the range between
2.7 and 52 mg/Kg a-endosulfan, from 1.5 to 112 mg/kg f-
endosulfan, and 3.3 to 161 mg/Kg endosulfan sulfate. The
retention time for compound moieties such as a-endosul-
fan, f-endosulfan, and endosulfan sulfate was found to be
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Fig. 2 Maximum likelihood
phylogenetic tree analysis of
Pseudomonas mendocina
(ZAM1) accession number
HG514307
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Fig. 3 Growth curve of P. Mendocina at different concentration of
endosulfan

19.84, 20.89, and 18.82 min, respectively. In our results, f3-
endosulfan concentration was twofold higher then o forms
and endosulfan sulfate concentration was three times
higher than « form due to its persistent nature.

Characterization and enrichment of endosulfan-
degrading bacterial strain

Endosulfan-contaminated soil samples were transferred to
enrichment media. Culture enrichment of indigenous bac-
terial strain was followed for 15 days with sub-culturing

— P stutzeri (4J312139)
o P. 5p. BJVCPG (KT521091)

32

59

after every 5 days and supplemented with sulfur-free
minimal media (Sutherland et al. 2002c; Siddique et al.
2003). Bacterial metabolite samples were analyzed by GC—
MS. o-Endosulfan and endosulfan sulfate were found
extensively in the enriched culture. Fresh composite soil
sample was enriched with endosulfan to obtain the com-
petent bacterial strain which can tolerate higher concen-
trations of endosulfan (Kalyani et al. 2009).

Biochemical and molecular identification of ZAM1
strain

Colony morphology of ZAM 1 strain on LB (Luria—Bertani)
agar was circular, smooth, and creamy in color. Gram
staining confirmed it as a Gram-negative, rod-shaped
bacteria, aerobic in nature, and biochemical tests further
confirmed the isolate as P. mendocina strain. The results of
biochemical tests are indicated in Table 1. Molecular
characterization of ZAMI strain by 16S rRNA gene
sequencing revealed maximum homology with P. putida
(JX173499), P. putida (EU862561), and P. plecoglossicida
(KF782813) in BLASTn analysis. Maximum homology
(84%) in nucleotide sequence was matched with accession
number JX173499 of P. putida. Phylogenetic tree of 1000
bootstrap was constructed from the partial 16S rRNA gene
sequences of the ZAM and its maximum related sequen-
ces. In phylogenetic analysis, the strain ZAMI showed
maximum likelihood with Pseudomonas species (Fig. 2).
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Fig. 7 a Endosulfan lactone
and endosulfan (o and )
control peak. b Endosulfan
metabolites and GC analysis for
P. mendocina grown at pH 6.5

Fig. 8 a Mass spectrometry
analysis after degradation
showing CH3;—(CH,)6—CH,
after 3.44 RT. b Mass
spectrometry analysis after
degradation showing CHz—
CH,-COO-CHj3;; CH3—(CHy)y—
CH, after 5.0 RT. ¢ Mass
spectrometry analysis after
degradation showing
2-heptanone after 6.54 retention
time (RT). d Mass spectrometry
analysis after degradation
showing 2-heptanone after 8.05
retention time (RT)
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The 16S rRNA gene sequence of ZAM1I strain has been
submitted to GenBank, NCBI database and was authenti-
cated with a unique Accession Number HG514307.

Assessment of endosulfan biodegradation by ZAM1
strain

The endosulfan degradation result suggests that the growth
of microbial isolate ZAM1 was accompanied by the omis-
sion of endosulfan. The initial growth rate was higher
because of nutrient availability in the medium and after-
wards it turns stagnant. Endosulfan removal was significant
after 12 days of incubation, while the growth curve study
of ZAM1 strain at different concentrations is depicted in
Fig. 3. Among 73 indigenous bacterial isolates, ZAMI
strain was highly efficient for endosulfan degradation.
Similarly, in another study Gram-negative bacteria were an
excellent degrader of a wide range of xenobiotic and
organic compounds in soil environment (Bajaj et al. 2010).
Pseudomonas mendocina ZAMI strain degraded the

Disdase cllad &y .
;ACSTJ;}LmlJIq ru‘;iuﬂ @ Springer

140 deo” T aso T 200 | 220 | 240 &= 260 @ 280 @ 300
m/z

S e s Ao SR | E— S A —
200 250 300 350 aco

maximum endosulfan concentration in a very short incu-
bation period (in vitro), in comparison to previous studies
which reported the bacterial strains for endosulfan degra-
dation, which utilized carbon and sulfur compounds as
electron transfer agents (Awasthi et al. 2003; Kumar and
Philip 2006a). The prolific growth of bacterial strain during
incubation in endosulfan-amended medium was confirmed
by increasing optical density with incubation time and it
happened due to the increasing number of bacterial cells.

Effect of pH on the biodegradation of endosulfan

The effect of pH on endosulfan degradation was estimated by
varying the pH from 4 to 9. The maximum endosulfan
degradation, 64.5%, occurred at pH 6.5 and degradation was
declined when pH of the media decreased or increased. The
effect pH on degradation is depicted in Figs. 4a, b, ¢, and 5.
This has happened due to the surface modification and
change in catalytic activity of the enzymes involved in
degradation and best growing capacity of bacterial strain at
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the optimum condition. During endosulfan degradation, pH
of the medium decreased with increase in incubation time,
due to dehalogenation of endosulfan and subsequently
decreasing pH due to the formation of acidic compounds.
Previous studies reported similar phenomenon of endosulfan
biodegradation with decreasing pH which might be due to
the formation of organic acids or HCI in medium by
microorganisms (Kullman and Matsumura 2006; Fox et al.
2007).

Effect of endosulfan concentration
on biodegradation of endosulfan

The effect of initial endosulfan concentration on degrada-
tion was estimated and the percentage of degradation was
increased with increase in concentration up to 50 pg/ml
and further decrease in degradation rate with increasing
concentration (Fig. 6).

Metabolite formation and GC-MS analysis

Progression of the strain ZAM1 was monitored when it was
supplied with o-ES and ES sulfate as the sole source of
sulfur in the minimal medium. The growth of the ZAM1
strain in minimal medium containing o-ES and ES sulfate
as substrate reached a maximum at OD 600 nm in 100 h
and declined at day 12 (Fig. 4a, b, ¢). During the growth, a
decline in pH from 7 to 5 was observed. This could be due
to the release of metabolites and the presence of dead cells
in the medium. Based on GC-MS analysis, the metabolites
formed in the supernatant obtained from the growing cul-
ture media of ZAM1 strain supplemented with endosulfan
showing signature fragmentation patterns obtained from
the compounds available in the NIST library and without
inoculation (control) is depicted in Fig. 7a, b. Metabolites
formed during the degradation of ES in the bacterial culture
inoculated at pH 6.5 after 100-h incubation were analyzed
and shown in Fig. 8a—d. Extract composition contains

different compounds including o and f forms of
ﬁf&mﬁm N Springer
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Table 2 Microbial degradation of endosulfan in different environments

Bacterial strain Initial endosulfan Days of Degradation rate of o and f8 References
concentration incubation endosulfan
Pseudomonas mendocina 50 mg/l 12 days >64.5% Present study
ZAM1
Pseudomonas aeruginosa 100 mg/1 16 days 85% Arshad et al. (2008)
Pseudomonas sp. IITROI 50 pg/ml 9 days 86 and 70% Bajaj et al. (2010)
Bordetella sp. 100 pg/ml 18 days 80 and 86% Goswami and Dileep 2009
Agrobacterium tumefaciens 100 mg/l 4 days >99% Thangadurai and Sumathi
(2014)
Achromobacter 37.82 ng/ml 15 days 85.70 and 62.75% Li et al. (2009)
xylosoxidans
Bacillus species 5 mg/g 3 days 50% Shivaramaiah and Kennedy
(2006)
Aspergillus terricola 100 mg/ml 12 days 75% Sarfraz et al. (2007)

endosulfan, endosulfan hydroxyl carboxylate dieldrin,
octane, and heptanone methyl propionate. Endosulfan
transformation into number of compounds was confirmed
by the MS fragmentation pattern. Total ion chromatogram
indicates a peak at the particular retention time (RT), which
indicates the base peak of major ion peak and defines the
m/z ratio. The base peak at different retention times from
3.44 to 21.6 which indicates the presence of unique com-
pound at particular m/z ratio in the fragmentation pattern is
shown in (Fig. 9). A peak at the 16.95 RT was shown in the
fragmentation pattern that perfectly matched endosulfan
lactone in the NIST library. The compound in MS frag-
mentation profile was showing the significant base peak at
69 and major ion peaks at 338 m/z and 18.8 RT, a peak was
observed with less area, which matched with endosulfan
sulfate. The fragmentation profile showed the base peak at
113 and with major ion peaks at 85 which are characteristic
to octane and methyl propionate. Control experiment done
without bacterial strain inoculation and metabolites
released during degradation analyzed by MS spectra are
depicted in Fig. 10a—d. The formation of organic acid in
metabolites was confirmed by GC-MS analysis. These
results significantly pointed out the role of ZAM1 bacterial
strain in the hydrolytic pathway of endosulfan conversion
and biodegradation (Kirby et al. 2001; Kim et al. 2001),
while endosulfan sulfate was formed during the oxidative
pathway of endosulfan biodegradation (Kullman and
Matsumura 2006; Kwon et al. 2002). During first 1 h of
incubation there was only slight degradation of endosulfan,
this represents a lag phase of bacterial strain while it got
accelerated as the incubation proceeds, most likely due to
the activation of metabolic pathway which releases
enzymes in the growing media.

Pseudomonas species are one of the most important
groups of Gram-negative bacteria and have been

igllase clloll dvao .
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previously documented as an excellent degrader of a wide
range of xenobiotic and recalcitrant compounds present in
soil and water environment (Filonov et al. 2006;
Thangadurai and Sumathi 2014). The ZAM 1 bacterial strain
degraded endosulfan isomers, i.e., 64.5%, which was
higher than of previously documented bacterial strains
utilizing endosulfan as sulfur or carbon source, depicted in
Table 2 (Awasthi et al. 2003; Sutherland et al. 2002a;
Kumar and Philip 2006b). This might be due to their pro-
lific growth during the incubation period as evident from
the higher optical densities or the presence of an enzymatic
system responsible for the degradation. There was a par-
allel decrease in pH of the culture medium as the
biodegradation proceeded. This dramatic reduction of pH
of the bacterial culture might be due to dehalogenation of
endosulfan and subsequent formation of acidic substances.
These results confirmed the findings of previous studies
(Sutherland et al. 2002a; Awasthi et al. 2003).

Conclusion

The Pseudomonas mendocina ZAM1 strain having a history
of endosulfan application was isolated from endosulfan-
contaminated soil and it was identified and characterized
for its efficiency of endosulfan degradation. The metabolite
formation in the growth medium was confirmed by gas
chromatography and mass spectroscopy. P. mendocina
ZAM]1 has a tremendous potential to be used in bioreme-
diation of endosulfan-contaminated habitats especially
with lower concentrations and without generating endo-
sulfan sulfate, a more persistent metabolite, and this strain
can be used for the safe treatment of endosulfan-contami-
nated soil and water.
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