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ABSTRACT

Chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) an organophosphate
pesticide is one of the most commonly used insecticide, acaricide and termiticide in agriculture,
households and public health. The exposure of this moderately hazardous pesticide creates
health concerns due to choline esterase inhibition, neurotoxicity, psychological and
immunological effects. The microbial bioremediation of chlorpyrifos is a viable option for
cleaning up the contaminated sites with its eco-friendliness, high efficiency and cost-
effectiveness. Several researchers reported potential bacterial strains like Pseudomonas sp.,
Arthrobacter sp., Bacillus sp., Klebsiella sp., Serratia marcescens, Enterobacter sp.,
Stenotrophomonas sp., Sphingomonas sp., Flavobacterium sp. etc., fungal strains such as
Phanerochaete chrysosporium, Aspergillus terreus, Verticillium sp., Trichoderma harzianum,
etc. and cyanobacteria like Anabaena sp., Aulosira fertilissima, Phormidium valderianum for
chlorpyrifos degradation. The microbes capable of producing biosurfactants increase
biodegradation efficiency of chlorpyrifos by improving bioavailability of the xenobiotic
compound by developing critical micellar concentration. The complete detoxification of the
pesticide occurs with those microbes that also degrade its metabolites and avoid its accumulation
in the environment. The cloning of mpd gene from chlorpyrifos degrading bacterial strains to
Escherichia coli helps in developing its biodegradation capability. This paper focuses on the
advancements in chlorpyrifos biodegradation for the efficient onsite remediation of the
contaminated environment.
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INTRODUCTION

Organophosphorus pesticides are one of the
major groups of pesticides accounting 38 per
cent of total global pesticide consumption that
replaced organochlorines to a greater extent
against crop loss by pest attack and improving
crop yield. Chlorpyrifos (O,O-diethyl O-
3,5,6-trichloro-2-pyridyl phosphorothioate) is
one of the broad spectrum organophosphate
pesticide used against various agriculture and
household pests. It is used for crop protection
in cotton, rice, sugarcane, peanuts, tobacco,
vegetables, fruits and ornamental plants
against sucking, chewing and boring insects.
It also has acaricidal and termiticidal
properties. Chlorpyrifos was the fourth largest
consumed organophosphate pesticide next to
monocrotophos, acephate and endosulfan.
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According to WHO classification, chlorpyrifos
belongs to class Il pesticides with moderate
toxicity. ° The excessive and injudicious
application of pesticides led to environmental
deterioration and human health concerns. * The
Chlorpyrifos enter in to the human body via
inhalation, ingestion and through skin contact
and inhibits acetylcholine esterase enzyme in
the central nervous system. *® The exposure of
this OP compound during pregnancy led to
children with birth defects. "® The ingestion of
this compound can also cause liver toxicity,
immunological disorders and its long term
accumulation in body tissues, proteins, fats and
bones create other health problems. ° The
chlorpyrifos residues in the soil and water
environment resulted in biodiversity loss,
alter its quality and productivity. The microbial
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bioremediation play an important role in

chlorpyrifos degradation in the environment.

AIMS AND OBJECTIVES

This paper focused on the advancements in
chlorpyrifos biodegradation and clear
understanding of its mechanism for the efficient
onsite remediation of the contaminated
environment.

DISCUSSION

Fate of chlorpyrifos in the Environment

The half life of chlorpyrifos (CgH11Cis
NO3PS) in soil varies from 10 to 120 days

degradation by physical, chemical and
biological means. The complete degradation
of it is not possible due to its structural
complexity and its metabolites are
represented in Fig 1. The step 1 indicates
rapid metabolism of chlorpyrifos to
chlorpyrifos oxon by oxidative desulfuration
by mixed-function oxidases. The step 2 is the
conversion of chlorpyrifos directly to TCP
and diethyl thiophosphate. The chlorpyrifos
oxon can also be deactivated to
diethylphosphate and TCP by hydrolysis as in
step 4. The hydrolysis of chlorpyrifos to
monethyl 3, 5, 6 — trichloro — 2 - pyridinyl

depending on factors like pH, temperature  phosphorothioate as in step is a minor
and moisture. = The chlorpyrifos undergoes  reaction pathway.
=]
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Fig. 1 : Metabolic pathway for chlorpyrifos *°

The toxicity of one of its degradation product
for 3,5,6-trichloro-2-pyridinol (TCP) increases
with half life of 65 and 360 days in soil. **"**
Biodegradation of chlorpyrifos

The microbial degradation of organic pollutant
can be either completely degraded into harmless
compounds in mineralization or partial as
intermediate metabolites in cometabolism."™*®
The microbial bioremediation of chlorpyrifos
in soil and aquatic environments plays an
Important role in its degradation due to

hydrolytic and oxidative enzymes. It is a viable
option for cleaning up the contaminated sites
with its eco-friendliness, high efficiency and
cost-effectiveness. The  biodegradation  of
organophosphates by bacteria were reported by
several researchers as follows :
Pseudomonas aeruginosa, P. putida
Bacillus  pumilus, Bacillus cereus,
Serratia marcescens, '’ Klebsiella sp.,
Alcaligenes sp., Alcaligenes faecalis,
Flavobacterium sp., **  Enterobacter strain B-
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14, #*  Agrobacterium sp., * % Arthrobacter
sp., " ' Stenotrophomonas sp., Ralstonia sp.,
Sphingomonas sp. Dsp-2 that had chlorpyrifos
degradation ability was also isolated by
researchers, %4

Sabdono and Radgasa *® isolated coral bacterium
Bacillus firmus BY6 associated with Acropora
sp. capable for utilizing chlorpyrifos as carbon
source. Briceno et al. ”” reported actinobacteria of
genus Streptomyces with degradation potential of
99.2%.

The chlorpyrifos degrading fungi  were
Phanerochaete  chrysosporium,  Aspergillus
terreus, A. niger, A. flavus, Fusarium, Vert-
icillium sp. DSP, Trichoderma harzianum %
Anabaena sp., Aulosira fertilissima, Phormidium
valderianum, Synechocystis sp. etc. were
cyanobacteria reported with  chlorpyriphos
degradation potential. 3**°

The chlorpyrifos-degradation of Cupriavidus
taiwanensis Lux-X1 was reported by Zhu et al. ¥
Zhao et al. ® identified chlorpyrifos-degrading
and plant growth promoting bacterium
Acinetobacter  calcoaceticus.  Pseudomonas
stutzeri improved complete degradation of
chlorpyrifos in two days under bench scale
stirred tank bioreactor in contrast to degradation
in less than a month at optimal conditions under
batch and fed-batch operating modes . *

Enzymatic activity in chlorpyrifos biodegra-
dation

Organophosphorus hydrolase (OPH; EC 3.1.8.1)
is one of the important hydrolytic enzymes in
detoxification technology that hydrolyze various
OP pesticides containing P-O, P-F and P-S
bonds. ®° The OPH enzymes, including O-
Phenylenediamine  Dihydrochloride  (OPD),
Methyl Parathion Hydrolase (MPH) Mevalonate
Pyrophosphate Decarboxylase (MPD) etc, was
identified for the hydrolysis for specific classes
of organophosphorus compounds. “* The OPH
was  first isolated from Pseudomonas
diminuta MG * has the ability to hydrolyse a
wide range of OP compounds. Cho etal. **
reported enhanced hydrolysis of chlorpyrifos
with substrate specificity, using DNA shuffling.
The Methyl Parathion Hydrolase (MPH,
E.C.3.1.8.1) that differ from OPH is also capable
to hydrolyse a broad spectrum of OP compounds
and was first isolated from Plesiomonas sp. strain
M6. * MPH was found as a crucial enzyme for

chlorpyrifos degradation. *® Several organo-
phosphorus compounds can be hydrolyzed by
the mpd-encoded MPH with structural homology
to parathion-methyl enabled Chlorpyrifos
degrading enzymes.

Harishankar et al. reported the intestinal
bacteria  Lactobacillus lactis, L.  fe-rmen-
tum and Escherichia coli were able to grow even
at higher concentration of chlorpyrifos (>1400
pug/mL). The degradation of chlorpyrifos induced
Organophosphorous Phosphatase (OPP)
production and concentration were 28 times
higher in the extracellular than inside the cells.
The chlorpyrifos degradation efficiency for L.
fermentum, L. lactis and E. coli were reported
to 70 per cent, 61 per cent and 16 per cent with
3,5,6-trichloro-2-pyridinol  (TCP), chlorpyrifos
oxon and chlorpyrifos-oxon and diethyl-
phosphate as end products respectively.

Gao et al. ® purified and characterized a novel
chlorpyrifos  hydrolase  from the fungi
Cladosporium cladosporioides Hu-01.

Isolation of OPD gene with chlorpyrifos
degradation potential

The organophosphate-degrading genes (opd
gene) were isolated from species that were
capable to degrade chlorpyrifos. *****° Most of
them were plasmid based or located on the
chromosome. The opd gene from Agrobacterium
radiobacter was located on the chromosome. *°
Singh et al? identified a novel phosphor-
triesterase enzyme from the coding of gene differ
from organophosphate degradative gene (opd) in
a Enterobacter strain B-14. Gao et al. *® purified
a novel chlorpyrifos hydrolase from cell extract
of a fungus Cladosporium cladosporioides Hu-
01 (collection number: CCTCC M 20711) with
P-O and P-S bond. An amino acid sequence
MEPDGELSALTQGANS, which shared no
similarity with any reported organophosphate-
hydrolyzing enzymes was also identified.

Improvements in chlorpyrifos biodegradation
The different approaches like biosurfactants,
complete detoxification, nutrient supplemen-
tation, immobilization, etc. and genetic
engineering enhanced the degradation capability
of chlorpyrifos degrading microbes and helped to
improve its detoxification.

Biosurfactants
Surfactants are surface active amphipathic
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molecules that improve the portioning of
hydrophobic compounds to aqueous phase
forming emulsions at or above critical miscellar
concentration that improve the bioavailability to
potential degraders. ®* The environmental frien-
dly biosurfactants are of interest due to its high
efficiency at low concentration, stability at wide
pH and temperature and biocompatibility.
Glycolipids, phospholipids, lipopeptides, lipo-
polysacchrides, sophorolipids, coryne-mycolic
acids, trehalose and sucrose lipids and particulate
biosurfactants were the different types of
biosurfactants produced by genera Pseudomonas,
Candida, Corynebacterium, Nocardia, Rhodoc-
occus, Bacillus, Acinitobacter, Arthrobacter etc.
that help in pesticide biodegradation.

The Pseudomonas strain ChlD capable of
producing a biosurfactant rhamnolipid and
addition of partially purified biosurfactant in 0.1
o/l resulted in more than 98 per cent degradation
of 10 ppm of chlorpyrifos in 120 h in comparison
to 84 percent in its absence. The higher
concentration of biosurfactant addition led to
miscelleration  and  inhibits  degradation
efficiency.”” Nocardia mediterranei enhanced the
rate of biodegradation in organophosphates like
Chlorpyrifos, methyl parathion and dichlorvos
from 20 per cent to 45 per cent by production of
biosurfactant trehalolipid (trehalose 6 6’
dimycolate), a glycolipid compound specific to
organophosphates.™

Complete detoxification

The intermediate metabolite of chlorpyrifos
3,5,6-trichloro-2-pyridinol (TCP) is toxic for the
growth of chlorpyrifos degrading microbes. The
microbes capable of complete detoxification of
the pesticide also degrade its metabolites and
avoid its accumulation in the environment.
Many workers isolated microbes capable of
remediating chlorpyrifos and TCP. Alcaligenes
faecalis DSP3 and Sphingobacterium sp. JAS3,
Ganoderma sp. JAS4 and Gordonia sp JAAS1
were a few microbes that mineralize the
chlorpyrifos.’*#°*%> The co-culturing of Serra-
tiasp. a potential chlorpyrifos degrader and
Trichosporonsp. a TCP mineralizing strain
isolated from activated sludge was capable of
mineralizing 50 mg chlorpyrifos I* within 18 h
at 30°C and pH 8 using a total inocula of 0.15 g
biomass I'%.*° Li et al. ® isolated Sphingomonas
strain Dsp-2 hydrolyzed chlorpyrifos to 3,5,6-

trichloro-2-pyridinol (TCP) by the gene encoding
the chlorpyrifos hydrolytic enzyme with its
greater hydrolytic efficiency than the wild-
type mpd from Plesiomonas sp. M6.

Nutrient supplementation

Harish et al. * reported efficiency of
chloropyrifos  degradation by Trichoderma
harzianum was increased by 10-20% with the
supplementation of 0.1% dextrose to the mineral
media. Silambarasan and Abraham ' observed
chlorpyrifos degrading Alcaligenes sp. JAS1
strain isolated from paddy field soil inoculated in
soil with nutrients amendment undergone
complete degradation of pesticide in 24 h in
comparison to 48 h without nutrients.
Immobilization

The chlorpyrifos removal was improved from
40.17 per cent to 71.05 per cent with the
immobilization of cells in mixed culture of
Streptomyces sp. >"  Vijayalakshmi and Usha *®
studied degradation of chlorpyrifos by free cells
and calcium-alginate immobilized cells of
Pseudomonas putida isolated from an
agricultural soil. Ca-alginate immobilized cells of
Pseudomonas putida had higher degradation
efficiency of 96 % for chlorpyrifos at 2%
concentration at pH 7, temperature 35°C, 10 ml
of inoculum size, shaking speed of 150 rpm and
in presence of 200 mg/l glucose and 300 mg/I
yeast extract in comparison to 76% degradation
by free cells. The immobilized cells improved
degradation of 10% chlorpyrifos concentration to
63% over 43 % by free cells.

Genetic engineering

The genetically engineered bacteria with high
detoxification potential were developed by gene
engineering and enzyme engineering.

Niu et al. * reported optimum pH of 7 and
inoculum volume of 50 ml/kg on chlorpyrifos
residues degradation by mutagenic bacteria DX1
in soil. Kapoor and Rajagopal * studied the
degradation of organophosphate pesticides by
recombinant organophaosphorus hydrolase.

Caoa et al. * cloned a novel 6012 bp gene cluster
from TCP-degrading strain P2 responsible for
dehalogenation of 3,5,6-trichloro-2-pyridinol
(TCP). The gene cluster consisted a
monooxygenase gene (tcpAl), a flavin reductase
gene (tcpBl), tcpR1, orfl and orf2. TcpAl and
TcpBl worked together to catalyze the
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dehalogenation of three chlorine of TCP, and
generated a more readily biodegradable product

of 3, 6-dihydroxypyridine-2,5-dione.  The
gene cluster consisted a monooxygenase
gene (tcpAl), a flavin reductase gene

(tcpBl), tcpR1, orfl and orf2. TcpAl and TcpBl
worked together to catalyze the dehalogenation
of three chlorine of TCP and generated a more
readily  biodegradable product of 3,6-
dihydroxypyridine-2,5-dione.

Li et al. * cloned gene clusters from
Ralstonia sp. T6 involved in 3,5,6-trichloro-2-
pyridinol degradation. The tcpRXA genes
constitute a gene cluster consisting FADH,-
dependent monooxygenase genetcpA, LysR
family transcriptional regulator (TcpR) and
flavin reductase (TcpX). T6-AtcpA-com, the
complementation strain for the mutant strain T6-
AtcpA, recovered the ability to degrade TCP, and
the strainE. coli DH10B-tcpRXA, which
expressed the tcpRXA gene cluster, had the
ability to transform TCP to the green
intermediate metabolite 3, 6-dihydroxy pyridine-
2,5-dione (DHPD).

The cloning of mpd gene from chlorpyrifos
degrading bacterial strains to Escherichia coli
helps in developing its biodegradation capability.
Wang et al. ® cloned Escherichia coli with opd
gene that degrade chlorpyrifos co-metabolically.
Yang et al. ®cloned the mpd gene from
chlorpyrifos— degrading bacterium Stenotro-
phomonas isolated using chlorpyrifos as the sole
source of carbon by enrichment method that
degraded 100 mg/l of chlorpyrifos within 24
hour to DETP and TCP. The thermostability and
acidic stability of MPH have been improved by
site-directed mutation, *"

Yang et al. *° engineered P. putida JS444 with
altered specificity of MPH enhance the
degradation of chlorpyrifos. Methyl Parathion
Hydrolase (MPH) has been displayed on the
surface of microorganisms for the first time using
only N- and C-terminal domains of the Ice
Nucleation Protein (INPNC) from Pseudomonas
syringae INA5 as an anchoring motif. A shuttle
vector pINCM coding for INPNC-MPH was
constructed and used to target MPH onto the
surface of a Pseudomonas putida JS444.

CONCLUSION
The bacteria, fungi and cyanobacteria with its

hydrolytic enzyme activity had the remediation
potential for chlorpyrifos. The biosurfactant
production, mineralization ability, immo-
bilization of cells, nutrient supplementation, etc.
enhanced the activity of microbial strains in
chlorpyrifos  degradation. The  genetic
engineering by means of mutation, cloning,
recombinant technology in genes and enzymes
involved in chlorpyrifos degradation also
improved the detoxification process of
chlorpyrifos by microbes. All the achieved
advancements in the biodegradation of
chlorpyrifos help in the in-situ detoxification of
contaminated sites.
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I think the environment should be put in the category of our national
security. Defense of our resources is just as important as defense abroad.
Otherwise what is there to defend?
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