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The trouble with neonicotinoids
Chronic exposure to widely used insecticides kills bees and many other invertebrates

By Francisco Sanchez-Bayo

our decades ago, DDT and other pes-
ticides that cause environmental harm
were banned. Since then, newly devel-
oped pesticides have had to conform to
stricter environmental standards. Yet,
recent studies highlight the subtle but
deadly impacts of neonicotinoids—the most
widely used insecticides in the world—on
ecosystems (I-3). In contrast to other insec-
ticides, neonicotinoids are systemic, mean-
ing that they are highly soluble and thus
absorbed by the plant. They produce delayed
mortality in arthropods after chronic ex-
posure to sublethal doses but are not very
toxic to vertebrates. It has taken more than
a decade to unravel some of the mechanisms
through which neonicotinoids affect the
integrity of ecosystems. Although gaps in
knowledge remain, there is a strong case for
stricter regulation of these pesticides.
Neonicotinoids are mainly applied as
granules into the soil or as seed-dressings
during crop planting. Seeds are coated with
1 to 17 mg per kg, depending on crops and
compounds. As plants grow, they take up 2 to
20% of the insecticide and distribute it to all
parts of the plant, including leaves, flowers,
pollen, and nectar. The resulting concentra-
tions of 5 to 10 ug per liter [parts per billion
(ppb)] in the sap are sufficient to control
sucking and chewing insect pests (see the
figure). However, pollinators such as bees,
butterflies, moths, and hoverflies are equally
exposed; where neonicotinoids are used, 11
to 24% of pollen and 17 to 65% of nectar is
contaminated with these insecticides (3).
Soon after the neonicotinoid imidacloprid
was introduced in France in 1994, beekeep-
ers noticed that their honey bee colonies
were weakening or disappearing. The en- ,
suing investigation found that this and an- o
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other systemic insecticide (fipronil) were | Hidden killers. Neonicotinoids applied to seeds or soils spread into the environment, killing many nontarget anthropods.
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particularly toxic to bees, with acute dietary
LD,y’s (dose to kill 50% of bees) of 2.5 to 5
ng per bee (4). Forager bees do not die im-
mediately after visiting flowers in treated
crops because residue levels are below their
acute LD,, and bees only ingest part of what
they collect; the rest is taken to the hive. It
is the daily sublethal doses the pollinators
ingest that are the problem. Effects include
olfactory learning, memory, and locomotory
impairment and inhibited feeding (5). In a
laboratory study, chronic ingestion of 4 to 8
ppb imidacloprid resulted in 50% survival of
honey bee workers after 30 days (6).
Whether these observations apply to bees
in the natural environment has been a con-
tentious question, because the performance
of the hives does not change significantly.
There are several reasons for this apparent

~

Nectar, pollen +

Target pests
»Sap sucking
*Burrowing

weakens the bees’ immune system, making
them more susceptible to pathogens such as
Nosema. These confounding factors can be
blamed for the declines in honey bees but
cannot account for the parallel decline in
wild and bumble bees.

Di Prisco et al. (I) have established that
sublethal doses of two neonicotinoids (clo-
thianidin and imidacloprid) cause bee
immune deficiency that triggers viral infec-
tions. This causal link helps to explain the
time lag between initial exposure and mor-
tality: The cascade of effects prompted by
the insecticides involves irreversible biologi-
cal pathways that are not observable until
death takes place (9).

Although bees have captured most of the
attention, neonicotinoids are equally toxic
to ants, termites, parasitoids, and aquatic

Nontarget organisms
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quatic arthropods
(insect larvae)

Fate of neonicotinoids and pathways of environmental contamination.

lack of effect. The amount of honey produced
is usually higher in contaminated hives be-
cause feeding inhibition and death of work-
ers result in excess honey stores. Also, some
undetectable sublethal effects cause mor-
tality after a time lag (Z). Finally, honey bee
colonies compensate forager losses by pro-
ducing hundreds of new workers daily; colo-
nies thus usually overcome the initial effects
during spring and summer and may survive
the winter apparently unscathed. However,
colony growth is usually hampered by queen
failure in the next season (7), indicating that
the queen suffers the effects of long-term in-
toxication. Bumble bees produce 85% fewer
queens per colony when exposed to field-
realistic concentrations of imidacloprid (8).
Concurrent with the widespread use of
neonicotinoids, honey bees have experi-
enced an increase in viral diseases, some
of which are propagated by a mite parasite
(Varroa destructor) that undermines bee
health. Pollen from monoculture crops also
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insect larvae, particularly mayflies, caddis-
flies, stoneflies, and midges. They are also
toxic to decomposer amphipods, woodlice,
and most crustaceans, but water fleas are
very tolerant (4).

Because most neonicotinoids persist in
soils for a year or more and are water solu-
ble, 80 to 98% of residues remaining in the
soil of treated crops eventually move into
surface waters or leach into groundwater.
Recent surveys from nine countries show
80% of surface waters contaminated with
neonicotinoids at levels of 0.14 to 18 ppb,
which are sublethal to aquatic arthropods
(10, 11). However, as in bees, chronic toxic-
ity in all these organisms involves delayed
and cumulative lethal effects over time (12).
Experiments in aquatic model ecosystems
treated with single or repeated dosages of
imidacloprid confirm this: midges, ostra-
cods, and mayflies disappear; their popula-
tions do not recover while residues in water
are above 1 ppb (13). After 8 years of field
monitoring, Van Dijk et al. (1I) reported that
imidacloprid concentrations as low as 0.01
ppb led to significant reduction of macro-
invertebrates in surface waters.

Published by AAAS

Feeding inhibition has been observed in
several decomposer organisms exposed to
chronic, sublethal concentrations of imida-
cloprid, but starvation alone is insufficient
to explain the lack of recovery and increased
mortality with time (74). Continuous con-
tamination of the aquatic environment with
neonicotinoids may undermine the inverte-
brate resource base of aquatic ecosystems
(11), thereby indirectly reducing populations
of fish, birds, bats, frogs, and other animals
that feed on them. Indeed, the steady decline
of five species of birds in the Netherlands
over the past two decades correlates with
imidacloprid contamination of surface wa-
ters during the same period (2).

The effects of neonicotinoid residues on
soil biota remain largely unknown, but the
extreme efficiency with which these insec-
ticides eliminate grub populations in turf
is worrisome (4). This issue requires more
study, because the ecosystem services pro-
vided by soil organisms are essential for
sustainable agricultural production (I5).
Scattered seeds coated with high concen-
trations of neonicotinoids may also pose a
risk to birds and rodents, despite the higher
tolerance of vertebrates due to their distinct
nicotinic receptor subunits (4).

Mechanisms that underpin chronic neo-
nicotinoid effects on terrestrial and aquatic
arthropods include immune suppression
and feeding inhibition. While these and
other issues are investigated further, cur-
rent knowledge calls for a reconsideration
of current prophylactic seed treatments with
neonicotinoids. Such treatments are the
main source of soil and water contamina-
tion; are often unnecessary, as they either do
not increase yields or are not profitable; and
go against the principles of integrated pest
management (15). B
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Abstract Systemic insecticides are applied to plants using a
wide variety of methods, ranging from foliar sprays to seed
treatments and soil drenches. Neonicotinoids and fipronil are
among the most widely used pesticides in the world. Their
popularity is largely due to their high toxicity to invertebrates,
the ease and flexibility with which they can be applied, their
long persistence, and their systemic nature, which ensures that
they spread to all parts of the target crop. However, these
properties also increase the probability of environmental con-
tamination and exposure of nontarget organisms.
Environmental contamination occurs via a number of routes
including dust generated during drilling of dressed seeds,
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contamination and accumulation in arable soils and soil water,
runoff into waterways, and uptake of pesticides by nontarget
plants via their roots or dust deposition on leaves. Persistence
in soils, waterways, and nontarget plants is variable but can be
prolonged; for example, the half-lives of neonicotinoids in
soils can exceed 1,000 days, so they can accumulate when
used repeatedly. Similarly, they can persist in woody plants for
periods exceeding 1 year. Breakdown results in toxic metab-
olites, though concentrations of these in the environment are
rarely measured. Overall, there is strong evidence that soils,
waterways, and plants in agricultural environments and neigh-
boring areas are contaminated with variable levels of
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In less than 20 years, neonicotinoids have become the most
widely used class of insecticides with a global market share
of more than 25%. For pollinators, this has transformed the
agrochemical landscape. These chemicals mimic the
acetylcholine neurotransmitter and are highly neurotoxic to
insects. Their systemic mode of action inside plants means
phloemic and xylemic transport that results in translocation
to pollen and nectar. Their wide application, persistence in
soil and water and potential for uptake by succeeding crops
and wild plants make neonicotinoids bioavailable to
pollinators at sublethal concentrations for most of the year.
This results in the frequent presence of neonicotinoids in
honeybee hives. At field realistic doses, neonicotinoids cause
a wide range of adverse sublethal effects in honeybee and
bumblebee colonies, affecting colony performance through
impairment of foraging success, brood and larval
development, memory and learning, damage to the central
nervous system, susceptibility to diseases, hive hygiene etc.
Neonicotinoids exhibit a toxicity that can be amplified by
various other agrochemicals and they synergistically
reinforce infectious agents such as Nosema ceranae which
together can produce colony collapse. The limited available
data suggest that they are likely to exhibit similar toxicity to
virtually all other wild insect pollinators. The worldwide
production of neonicotinoids is still increasing. Therefore a
transition to pollinator-friendly alternatives to neonicotinoids
is urgently needed for the sake of the sustainability of
pollinator ecosystem services.
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Introduction

The introduction to the market in the early 1990s of
imidacloprid and thiacloprid opened the neonicotinoid
era of insect pest control [1]. Acting systemically, this new
class of neurotoxic insecticides is taken up by plants,
primarily through the roots, and translocates to all parts of
the plant through xylemic and phloemic transport [2].
"This systemic property combined with very high toxicity
to insects enabled formulating neonicotinoids for soil
treatment and seed coating with typical doses from 10
to 200 g ha' high enough to provide long lasting protec-
tion of the whole plant from pest insects.

Neonicotinoids interact with the nicotinic acetylcholine
receptors (nAChRs) of the insect central nervous system.
They act mainly agonistically on nAChRs on the post-
synaptic membrane, mimicking the natural neurotrans-
mitter acetylcholine by binding with high affinity [3—
5,6°°,7°,8°°]. This induces a neuronal hyper-excitation,
which can lead to the insect’s death within minutes [6,9].
Some of the major metabolites of neonicotinoids are
equally neurotoxic, acting on the same receptors [10-
12] thereby prolonging the effectiveness as systemic
insecticide. The nAChR binding sites in the vertebrate
nervous system are different from those in insects, and in
general they have lower numbers of nicotinic receptors
with high affinity to neonicotinoids, which are the reasons
that neonicotinoids show selective toxicity for insects
over vertebrates [9,13].

The main neonicotinoids presently on the market are
imidacloprid, thiamethoxam, clothianidin, thiacloprid,
dinotefuran, acetamiprid, nitenpyram and sulfoxaflor
[12,14,15]. Since their introduction, neonicotinoids have
grown to become the most widely used and fastest
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Abstract The widespread use of pesticides in modern
agriculture is of increasing concern due to environmental
contamination and subsequent biodiversity loss. Chlor-
pyrifos is a toxic organophosphate pesticide. Repeated
applications of chlorpyrifos modify the soil microbial
community structure and pose potential health risks to the
other nontargets. Chlorpyrifos has been reported as the
second most commonly detected pesticide in food and
water. Extensive use of chlorpyrifos in agriculture and
persistence in the environment have raised public concern
and demand for safe technologies to overcome the pollu-
tion and toxicity problems. Here, we review pollution and
toxicity issues associated with chlorpyrifos use and discuss
strategies to solve pesticide contamination. Chlorpyrifos,
previously shown to be resistant to enhanced degradation,
has now been proved to undergo enhanced microbe-me-
diated decay. Here, special emphasis is given to degrada-
tion methods such as ozonation, Fenton treatment,
photodegradation, and advanced oxidation processes along
with microbial degradation. Finally, we focus on degra-
dation process at enzyme and molecular levels which will
enable us to elucidate the exact degradative pathway
involved in biodegradation.

Keywords Chlorpyrifos - Pesticide pollution -
Bioremediation - Physicochemical treatments -
Organophosphorus hydrolase enzymes - Trichloropyridinol
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Introduction

Pesticides indeed have become an inevitable part of modern
agricultural practices. Organophosphates (OP), a group of
synthetic pesticides developed during the Second World
War, are being used as insecticides and nerve agents. Since
the removal of organochlorine insecticides from use,
organophosphates have become the most widely used pes-
ticides (Cortina-Puig et al. 2010) and are used in most
countries. Chlorpyrifos is a broad-spectrum chlorinated
organophosphate insecticide, nematicide, and acaricide used
for pest control on various crops as well as lawns and
ornamental plants. It is a degradable compound, and hence
despite its high toxicity, it is being increasingly used
worldwide since its introduction in 1965. Today, chlor-
pyrifos is registered in most of the countries worldwide.
Although its use in certain applications has been restricted in
several countries, producers easily find market in most of the
developing and non-developing countries. Low economic
price and easy access make public choose chlorpyrifos over
the other pesticides (Panuwet et al. 2009; Lu 2011; Munoz-
Quezada et al. 2012; Murphy et al. 2012; Phung et al. 2012).
It was reported as one among the most commonly used
organophosphate pesticide in the USA in 2007, with an
estimated 7-9 million pounds applied (Grube et al. 2011).
According to China’s market review, an annual growth of
10 % in the global demand for chlorpyrifos is expected, and
by 2015, this will exceed 200,000 tonnes (AgroNews 2013).
Even after withdrawing chlorpyrifos products from indoor/
outdoor domestic, garden, and industrial uses because of
toxicity concerns in children, pets, wildlife, and the envi-
ronment (Dow AgroSciences 2013), its production and
consumption are drastically increasing every year.

A single application may not have any long-lasting
impact on environmental health, but in practice pesticides
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are usually applied repeatedly leading to its environ-
mental accumulation. This in turn has already led to the
contamination of a wide range of environmental com-
partments, ultimately posing threats to the sustainability
of agricultural soils (Johnsen et al. 2001; Singh et al.
2002; Hua et al. 2009). The extent of toxicity increases
for degradation products such as chlorpyrifos oxon, 3,5,6-
trichloro-2-pyridinol, and the secondary metabolite 3,5,6-
trichloro-2-pyridinol (TCP) which are more hazardous
pollutants than the parent. The environmental fate of
chlorpyrifos and biodegradation are the subject of an
extensive review (Racke 1993). Hence, the environmental
persistence, toxicity, and remediation of chlorpyrifos are
detailed in this review, with special emphasis given to
physical, chemical, and biological remediation strategies
rather than microbial decay. Information available on
biodegradation mechanism at molecular and enzyme
levels is also discussed. Thus, this review is an attempt to
summarize the current status of research in remediation of
chlorpyrifos.

Chemistry of chlorpyrifos

Chlorpyrifos was first registered for use in the USA in 1965
by Dow Chemical Company for the control of foliage and
soil-borne insect pests. It is formulated and marketed as
liquid, gel, granular, soluble, emulsifiable and flowable
concentrates, microencapsulated material, pellets, tablets,
impregnated materials, baits, wettable powders, dusts, and
ready-to-use formulations. Owing to its structure and
physicochemical properties (Table 1), chlorpyrifos persists
for relatively long period. Because of its nonpolar nature,
chlorpyrifos has low solubility in water and great partition
from aqueous into organic solvents. Its hydrolytic stability
decreases with increasing pH. Relatively low volatilization
and degradation under aerobic conditions also make it
more persistent in environment (NFMS 2008).

Environmental persistence

Chlorpyrifos enters the soil environment by direct pesticide
application, through spray drift or foliar wash off (Fig. 1).
Adsorption, desorption, and mobility of chlorpyrifos in soil
and water are greatly dependent on the nature of the
adsorbents and water solubility (Sharom et al. 1980a).
Adsorption tends to reduce chlorpyrifos mobility and
increases persistence in the soil by reducing its availability
to degradative forces. Chlorpyrifos adsorbs to soil (with a
soil adsorption coefficient (K,.) of greater than 5000), soil
particles, organic matter, clay minerals, and sediments to

@ Springer

differing degrees, and the extent of soil adsorption is
greater with organic soils than sandy loams (Gebremariam
et al. 2012). The half life of chlorpyrifos in soil varies
ranging from a few days to 4 years, greatly depending on
application rate, the ecosystem type, soil microorganisms,
and climatic conditions. Application level is important that
chlorpyrifos shows a greater persistence at higher con-
centrations. The typical 1-2 months aerobic soil degrada-
tion half lives at normal agricultural rates seem to increase
to 6 months to 4 years at higher application rates. Both
biotic degradation (microbial) and abiotic degradation
(hydrolysis and photolysis) bring its dissipation in soil. The
dissipative half life is significantly equal to or slightly
faster under tropical conditions than temperate conditions
(Chai et al. 2009) and longer in organic soils than mineral
soils (Gebremariam et al. 2012). Soil moisture content and
pH play major role, and dissipation is especially predom-
inant under higher moisture content (Wang et al. 2013a)
and alkalinity (Singh et al. 2003b). Shading appears to
reduce photodegradation (Chai et al. 2009), and hence,
persistence will be greater in dark conditions. Prevailing
environmental conditions alter the rate of decay where
lower the temperature lower the loss of chlorpyrifos from
the soil by vaporization and photodegradation (Mugni et al.
2012; Watts 2012).

Generally, adsorption prevents leaching of chlorpyrifos
but constitutes a major off-site migration route to water
bodies when bound to suspended sediments and particu-
lates (Gebremariam et al. 2012). Though chlorpyrifos is
reported to undergo dissipation quickly by hydrolytic and
photolytic dissipation under neutral pH, its persistence has
been observed in natural water even after 8 weeks, indi-
cating the importance of microbial action to occur (Sharom
et al. 1980b). It binds to aquatic sediments, and the dissi-
pation rates in sediment are similar to those observed in
soil. However, a slow microbial action is expected to occur
under lower temperature, anaerobic condition (Bondarenko
and Gan 2004), and salinity (Bondarenko et al. 2004). Like
in the case of soil, alkalinity reduces the half life in water
bodies to around two weeks. The average DT50 for
chlorpyrifos in sediment under wetland and anaerobic
ponds varies between 100 and 200 days (NRA 2000; Budd
et al. 2011).

Measureable levels of chlorpyrifos have been reported
in air (Hill 2006; Mills and Kegley 2006). Residues
reported in Arctic media indicate that chlorpyrifos is
expected to undergo long-range transport (Watts 2012). It
is considered to be degraded more quickly in air with a
shorter atmospheric residence time (Hayward et al. 2009).
The degradation half life of chlorpyrifos in air due to
photolysis is 6.34 h (Howard 1991) and that due to
volatilization is 72 h (Lyman et al. 1990).
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Table 1 Identity, structure, and physicochemical characteristics of chlorpyrifos

Identity
ISO common name Chlorpyrifos
Chemical class Organophosphate

Chemical names

IUPAC name 0,0-diethyl 0-3,5,6-trichloro-2-pyridyl phosphorothioate
CA 0,0-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate
CAS no. 2921-88-2

Molecular formula
Relative molecular mass 350.6

Trade names include

CoH, ,C1;NOPS

Lorsban, Dursban, Suscon Green, Empire, Whitmire PT 270, Brdan, Chlorpyrifos-ethyl,

Detmol UA, Dowco 179, Eradex, Pageant, Piridane, Scout, Stipend, Tricel, etc.

Structure
Cl_~ Cl
N | 1]
ClI” "N” "O-P-0O

O “—CHy

)
CHs

Physicochemical properties

State Crystalline solid
Color Colorless to white
Odor

Vapor pressure
Melting point 41.5-42.5 °C
Solubility (water)

Partition coefficient (octanol/water)

Mild mercaptan (thiol) odor
3.35 x 1072 Pa at 25 °C*

0.0014 g L' at 25 °C®
Log Kow = 4.96-5.11°

Log Koy, = 5.2-5.267

Henry’s law constant
Soil sorption coefficient, K, 360-31000¢

Aquatic sediment sorption, K.

0.478 Pa x m°> x mol™'?

3000-25,565 L kg~'‘; Mean = 13,439 L kg™

Median = 15,500 L kg™’

Half life
Regulatory status

7 and 120 days

Identity tests

Restricted use for liquid formulations (agricultural crops)
HPLC retention time, GC retention time, mass spectrum (from GC-MS)

@ EFSA (2005)

® Tomlin (2009)

¢ Gebremariam et al. (2012)
9 Smegal (2000)

Toxicity concerns
Toxicity on microorganisms

Soil microbes have different responses to different types of
pesticides. The effect is dependent on many factors including
the mechanism of action of the pesticide, bioavailability and
physicochemical properties of the pesticide in the soil, envi-
ronmental factors and concentration, dose, and frequency at
which they are being applied. In general, microbial population
in soil often remains unaffected by pesticide applications at
recommended filed dose. Low amount of pesticides applied to

soil is unlikely to have detrimental effects on soil microbes and
the enzymes important to soil fertility (Tu 1981). However,
concentrations greater than recommended levels exert delete-
rious effect on total microbial population and their biological
activity (Moorman 1989). Also, repeated application of pes-
ticides over many years can have increased impacts on soil
microbial populations. Though the null effect of chlorpyrifos
on soil microbial biomass had been reported (Adesodun et al.
2005), impacts of chlorpyrifos on soil microbial characteristics
including microbial biomass, microbial populations, microbial
respiration, enzymatic activities, and mineral cycling have
been frequently studied. Findings indicated statistically
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Fig. 1 Pollution problems and toxicity concerns associated with different trophic levels due to indiscriminate use of chlorpyrifos

significant reduction in soil microbial biomass (Vischetti et al.
2007), and soil enzyme activities (Singh et al. 2003a) resulted
from repeated application of chlorpyrifos and accumulation of
3,5,6-trichloro-2-pyridinol. There are contradictory evidences
on changes in microbial population due to chlorpyrifos appli-
cation. Researchers have reported the non-inhibitory effect on
total viable count of any kind of bacteria (Sarnaik et al. 2006) or
fungal populations, nitrifying bacteria, and denitrifying bac-
teria (Pozo et al. 1995) as well as the short term inhibitory
effect on the total bacterial population (Pandey and Singh
2004; Ahmed and Ahmad 2006; Hindumathy and Gayathri
2013), fungal and actinomycete populations (Shan et al. 2006).
On the other hand, some studies showed significant increase in
the same after chlorpyrifos treatment (Sivasithamparam 1970;
Pozo et al. 1995; Pandey and Singh 2004; Pankhurst 2006).
Chlorpyrifos at recommended field dose is not likely to
be detrimental, but at higher than that poses a significant
inhibitory effect on the soil microbial metabolic activities
also (Dutta et al. 2010). There exist reports on inhibitory
effect of chlorpyrifos on dinitrogen fixing bacteria and
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dinitrogen fixation, and N, P, and K mineralization (Mar-
tinez-Toledo et al. 1992; Pozo et al. 1995; Sardar and Kole
2005). The arginine ammonification activity of rhizo-
spheric microbes was also inhibited after chlorpyrifos
treatment (Menon et al. 2004). However, this inhibitory
effect on available N, P, K and ammonification was
attributed to  3,5,6-trichloro-2-pyridinol, the major
metabolite of chlorpyrifos rather than chlorpyrifos itself
(Racke et al. 1990).

Time dependent increased activity, followed by pro-
gressive decrease in soil, gave statistically significant evi-
dence for the influence of chlorpyrifos on soil phosphatase
enzyme (Pozo et al. 1995; Madhuri and Rangaswamy
2002). An overall inhibition (Menon et al. 2005) and
reduced activity of dehydrogenase, urease, and alkaline
phosphatase to a greater extent (Jastrzebska 2011) proves
the detrimental effect of chlorpyrifos on microorganisms.
Madhaiyan et al. (2006) have shown the potential of
chlorpyrifos to alter cell morphology of Gluconacetobacter
diazotrophicus resulting in large number of pleomorphic
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cells. United States Environmental Protection Agency (US
EPA 2009) stated that chlorpyrifos is not mutagenic in
bacteria but did cause slight genetic alterations in yeast and
DNA damage to bacteria.

Toxicity on plants

According to Worthing (1979), chlorpyrifos has no sys-
temic action, and at insecticidal concentrations, it is not
phytotoxic. However, literature is rich in information
referring to the phytotoxic and inhibitory effects of chlor-
pyrifos. Data indicate that chlorpyrifos and its metabolites
can accumulate in various terrestrial and aquatic plants,
and the extent of toxicity depends on chlorpyrifos con-
centration. The effects were assessed based on changes in
germination pattern, morphological traits (root and shoot
length, fresh and dry weight of roots and shoots), bio-
chemical functions, and metabolism. Chlorpyrifos was
found to have inhibitory effect on germination in Pinus
halepensis seeds and seedlings (Olofinboba and Kozlowski
1982), annual grass and annual forb (Gange et al. 1992),
ryegrass (Lolium multiflorum) (Korade and Fulekar 2009),
different vegetables (Zhang et al. 2013), Cenchrus seti-
gerus and Pennisetum pedicellatum (Dubey and Fulekar
2011), white mustard (Sinapis alba L.), maize (Zea mays
L.) (Gvozdenac et al. 2013), and soybean (Glycine max)
(Bassey et al. 2015). The intensity of toxicity on seed
germination energy, seed germination, survival, and sub-
sequent growth increases with chlorpyrifos concentration
(Dubey and Fulekar 2011; Gvozdenac et al. 2013). It has
also been reported to exert detrimental effect on the root
biomass, root appearance and disappearance, and root
density (Dawson et al. 2003; Singh et al. 2003a). Even
though it did not affect the in vitro growth of Rhizobium,
reduced nodulation (Bassey et al. 2015) and nitrogen fix-
ation (C,H, reduction) were observed in alfalfa sweet
clover and red clover associated with the application of
chlorpyrifos (Smith et al. 1978; Parween et al. 2011). The
Pesticide Action Network (PAN) toxicity study data give a
clear picture of severity of accumulation and population,
biochemical, and physiological effects of chlorpyrifos in
various aquatic plants (Kegley et al. 2014).

In contrast to these reports, chlorpyrifos is being sug-
gested as useful tool at lower concentration regardless of its
insecticidal properties, to increase the seed quality and
quantity as all the growth parameters and yield parameters
tested were found to be increased in seedling exposed to
chlorpyrifos (Kashyap and Kumar 2013). And one sur-
prising finding to be noted is lower dose of chlorpyrifos
proved as stimulant for root and shoot length, activities of
nitrate reductase (NR), content of nitrate, and sugar soluble
protein, whereas at higher concentration it proved detri-
mental for the same (Parween et al. 2011).

Toxicity on aquatic system

The acute and chronic toxicities of pesticides to aquatic
fauna have been well studied. Organophosphates are found
to be more toxic to fishes such as blue gill sunfish Lepomis
macrochiru, rainbow trout, channel -catfish, Ictalurus
punctatus, fathead minnow Pimephales promelas, golden
shiner (Barron and Woodburn 1995), and juvenile and
adult of Oreochromis niloticus (Oruc 2010). A number of
previous works have confirmed the toxicity of chlorpyrifos
to freshwater, estuarine, and marine vertebrates and
invertebrates. It is known to cause acetylcholinesterase
(AChE) and aliesterases (AliE) (Carr et al. 1997) inhibition
and several prominent developmental, behavioral, neuro-
logical, oxidative, histopathological (Fig. 2), and endocrine
effects in aquatic fauna. Chlorpyrifos toxicity data were
available for several fish species (Table 2). Freshwater
LC5q values were found to be similar between most of the
species ranging from 1.8 to 280 pg L™ chlorpyrifos. The
lowest LCs reported for fish was 1.8 pg L™ chlorpyrifos
for bluegill sunfish, where highest was reported in channel
catfish (280 pg L™'). Extent of toxicity increases in the
presence of atrazine (Wacksman et al. 2006) and for
chlorpyrifos oxon, one major by-product, 10-100 times
more than the parent chlorpyrifos (Sparling and Fellers
2007).

The primary visualized changes include exhibition of
unusual swimming behavior (Sharbidre et al. 2011), mor-
tality, paralysis, and histological abnormalities including
loss and shortening of secondary lamellae (De Silva and
Samayawardhena 2002). Long lasting neurobehavioral
deficits during early development, persistent hatching,
larval morphological deformities, decrease in whole brain
activity (Levin et al. 2003, 2004; Eddins et al. 2009;
Richendrfer et al. 2012; Sledge et al. 2011), reduced sur-
vival, adult length and body weight, and reproductive
failure are the other primary effects likely to result from
chronic chlorpyrifos exposures. Moreover, life cycle study
has provided enough data to show that second generations
are more sensitive than the first generation (Corbin et al.
2009). It is found highly effective in inducing structural
alteration and biochemical changes such as depletion in
protein content and decrease in different metabolic enzyme
levels (Kavitha and Rao 2008), altering the ion transport
mechanism and lipid peroxidation, and causing hormonal
changes (Oruc 2010). Data show that chlorpyrifos is
mutagenic and genotoxic to fishes. For example, significant
micronucleus induction and DNA damage were observed
in freshwater fish Channa punctatus upon exposure to
chlorpyrifos (Porichha et al. 1998; Ali et al. 2009).

Chlorpyrifos is highly toxic to amphibians with larval
stages appeared to be more sensitive than older life stages
(Howard et al. 2003). The high acute toxicity and
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Fig. 2 Histopathologic analysis
of Oreochromis mossambicus
gills exposed to chlorpyrifos
(96 h). a Control. b,

¢ Degenerated gill lamellae.

d Lamellar edema (unpublished
data from our laboratory)

persistence in soil sediments represent a hazard to the sea
bottom dwellers (Schimmel et al. 1983), marine and
freshwater crustaceans (Key and Fulton 1993; Palma et al.
2008; Eamkamon et al. 2012), water flea (Caceres et al.
2007), marine infaunal copepod (Green et al. 1996), mid-
ges (Jin-Clark et al. 2002), and phytoplankton (DeLorenzo
and Serrano 2003). Acute and chronic effects of chlor-
pyrifos on various amphibians as well as aquatic verte-
brates and invertebrates have been well reviewed by
Corbin et al. (2009). Ephyra stage of the Scyphozoan jel-
lyfish Aurelia aurita was recently reported susceptible to
dose dependent effect of chlorpyrifos (Costa et al. 2015).
All these together indicate apprehension about the potential
hazards of chlorpyrifos to aquatic life.

Toxicity on higher vertebrates

Age and sex (Levin et al. 2001) related differences in
sensitivity to chlorpyrifos can vary both quantitatively and
qualitatively with exposure conditions, doses, and fre-
quency of exposure. Like in lower vertebrates in all higher
vertebrates also chlorpyrifos target mainly AChE activity
(Schuh et al. 2002; Srebocan et al. 2003; Reiss et al. 2012).
Previous studies have shown that subtoxic doses of chlor-
pyrifos are capable of affecting brain development by
inhibiting mitosis, inducing apoptosis, and altering neu-
ronal activity and reactivity. Its ability to exert reproduc-
tive toxicity is evident from fetotoxic (Farag et al. 2003)
and teratogenic effects (Tian et al. 2005)). Chlorpyrifos is a
potent developmental neurotoxin (Slotkin 2004; Flaskos
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2012) and an endocrine disruptor also (Slotkin et al. 2005;
De Angelis et al. 2009; Haviland et al. 2010). Apart from
that, the genotoxicity, mutagenicity, carcinogenicity, and
immune toxicity are under investigation. Laboratory stud-
ies showed that both acute and chronic exposures result in
genotoxicity and mutagenicity in human (Sobti et al. 1982;
Sandal and Yilmaz 2011), rat (Ojha et al. 2013) and mouse
(Rahman et al. 2002; Tian et al. 2005; Cui et al. 2011). It is
considered moderately to extremely toxic to birds, and no
such toxicity studies are available on reptiles (Watts 2012).

In humans, chlorpyrifos is proved to be anti-androgenic
(Usmani et al. 2003; Viswanath et al. 2010) and estrogenic
(Meeker et al. 2008; Ventura et al. 2012). It induces
alterations in thyroid (Fortenberry et al. 2012) and adrenal
glands, thereby reducing serum levels of respective hor-
mones. Children exposed to higher chlorpyrifos levels are
significantly more likely to experience psychomotor
development index and mental development index delays,
attention problems, attention deficit or hyperactivity dis-
order, and pervasive developmental disorder problems
(Rauh et al. 2006). The carcinogenicity of chlorpyrifos is
not confirmed in human; yet, there are a considerable
number of epidemiological studies indicating increased
risk of various cancers in pesticide applicators, especially
colorectal (Lee et al. 2007), prostate (Alavanja et al. 2003),
breast (Engel et al. 2005), lymphoma (Karunanayake et al.
2012), hematopoietic, leukemia, and brain cancers (Lee
et al. 2004). There is evidence of immune toxicity,
including the effects on lymphocytes (Blakley et al. 1999),
thymocytes (Prakash et al. 2009), T cells (Thrasher et al.
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Table 2 Acute toxicities of chlorpyrifos to several species of fishes (LCsg)

Fish LCsg Concentration Remarks-chlorpyrifos Reference
(ppb)
Bluegill sun fish (Lepomis 2-10* Tomlin (2009)
macrochirus)
Rainbow trout, Oncorhynchus 7-51* Technical grade Tomlin (2009)
mykiss Freshwater, static 15¢ 97 % WISER
Juvenile 11.4¢ 99.9 % WISER
Freshwater, flow 8.0°
through
Channel catfish, Ictalurus Freshwater, flow 806" 98.7 % WISER
punctatus through
Lake trout 98 97.0 % Johnson and Finley (1980)
Salvelinus namaycush
Cutthroat trout pH 7.5 18.4% 97.0 % Barron and Woodburn (1995)
Salmo clarki pH 9.9 5.4%
Fathead minnow Larva 122 Technical grade Jarvinen et al. (1988)
Pimephales promelas Mature 120-540* Tomlin (2009)
542° Phipps and Holcombe (1985)
Golden shiner Notemigonus 35% 99.0 % Barron and Woodburn (1995)
crysoleucas
Mosquito fish Gambusia affinis 3409 Karim et al. (1985)
297% Technical grade Kavitha and Rao (2008)
Adult female 150¢ 95 % WISER
Freshwater, static
Gravid female 1400¢ Formulated product WISER
Freshwater, static 440¢
Adult 520¢ 93.99 % WISER
Saltwater 540°
Oreochromis niloticus Juvenile 98.67* Dursban (480 g L™! Oruc (2010)
Adult 154.01° chlorpyrifos)
Guppy 176* Sharbidre et al. (2011)
Poecila reticulata
Gulf toadfish 5207 Clark et al. (1985)
Opsanus beta
Carp 580% Xing et al. (2012)
Oreochromis mossambicus Juveniles 26* Analytical grade Rao et al. (2003)
82° Technical grade Aniladevi Kunjamma et al.
(2008)
16.812% Pesticide formulation 20 %  (Unpublished data from our
EC laboratory)
Gold fish 806 Technical (98.7 %) Phipps and Holcombe (1985)

Carasslus auratus

Values are in pg chlorpyrifos per liter (ppb) of medium fatal to 50 percent (LCsq) in * 96 h, ® 72 h, ©48 h, “ 24 h

2002), tumor necrosis factor (Rowsey and Gordon 1999),
and autoimmunity. In humans, chlorpyrifos exposure is
associated with reproductive issues such as birth weight
and length problems, DNA damage in sperm and decreased
sperm fluid, sperm concentration, sperm motility, cervical

fluid, cord blood, meconium, and breast milk (Watts 2012).
However, ultimate evaluation of the toxicity and behav-
ioral effects due to chlorpyrifos would require long term
assessments during discrete developmental and age periods
(Dam et al. 2000).
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Solutions to chlorpyrifos toxicity

The first priority for any waste management strategies should
be practices that prevent or at least minimize the generation of
waste and promote recycling (Felsot et al. 2003). Solutions to
chlorpyrifos pollution also begin with avoiding and reducing
its use as alternatives are available for all or most of its pur-
poses. These include cultural practices, mechanical tech-
niques, biological controls, and use of other chemicals. Reuse
and recycle are other options for minimizing the generation of
waste. However, the present scenario of excessive use of
chlorpyrifos for domestic and agriculture purposes and
resulted environment contamination demand special treat-
ment technologies. Though a variety of remediation tech-
nologies are practiced for pesticide contaminated materials,
soil and water, the selection of the most appropriate is often a
quiet tough task. As a single technology may found inap-
propriate, sometimes number of technologies should be
combined together to accomplish satisfactory results.

Physical and chemical remediation strategies

For the treatment of water, sediments, and soils polluted with
pesticides, many physicochemical technologies have been
investigated. When exposed directly to UV or sunlight,
chlorpyrifos undergoes fission of the phosphate esters with
the preferential liberation of trichloropyridinol, which
undergoes further photodehalogenation and oxidative ring
cleavage (Walia et al. 1988). Most of the researchers use
artificial solar sources of irradiation (xenon arc lamps or low-
or medium-pressure mercury lamps) or ultraviolet (UV) light
(Kralj et al. 2007). During photodegradation on soil surfaces
with UV light (254 nm), three different photochemical pro-
cesses—hydrolysis, dechlorination, and oxidation—take
place simultaneously, and the oxidative and dehalogenated
products formed undergo further photolysis to form
chloropyridinols and O, O-diethyl phosphorothioic acid
which are unstable and hydrolyze more rapidly without any
accumulation in the soil (Walia et al. 1988). The UV lysis
appears to be less effective compared to other processes
where it can be accelerated by the combined use of hydrogen
peroxide, ozone or homogeneous or heterogeneous photo-
catalyst. Among the chemical methods, ozonation is consid-
ered as the most promising since a relatively fast reaction of
ozone occurs with chlorpyrifos. Ozone mediated oxidation of
thiophosphoryl bond of chlorpyrifos as well as that of
chlorpyrifos-methyl has been reported (Ohashi et al. 1993).
Other chemical oxidation methods including chlorine (Duirk
and Collette 2005), chlorine dioxide, potassium perman-
ganate, and hydrogen peroxide (H,0,) used are not effective
enough to degrade highly refractory synthetic organic
chemicals such as pesticides (Ikehata and El-Din 2006).
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Moreover, such methods seem to be expensive and lead to the
contamination of medium with other toxic pollutants.

On the other hand, combinations of the same chemical
oxidants (e.g., O3 and H,O,) with iron salts, semiconduc-
tors (e.g., titanium dioxide, TiO,), and/or ultraviolet—visi-
ble light (UV-Vis) irradiation yield better results. For
example, the Fenton reagent (H,0,/Fe*") has been proven
to be effective in degradation and mineralization of
chlorpyrifos (Ikehata and El-Din 2006). These physico-
chemical approaches were collectively referred as
advanced oxidation processes (AOPs). These are consid-
ered high efficiency physical-chemical processes due to
their thermodynamic viability and capability to produce
deep changes in the chemical structure of the contaminants
(Domenech et al. 2004) and hence gain much attention
nowadays. The basic mechanism underlying advanced
oxidation processes is the formation of strong oxidizing
intermediates (mainly OH® radicals), and the reaction of
these with organic contaminants not only leads to their
destruction, but also gives sufficient conditions for their
complete mineralization (Salama and Osman 2013). These
are short lived, powerful oxidizing agents, which follow
second-order kinetics with low selectivity (Esplugas et al.
2002). OH® can be produced in situ by chemical, electro-
chemical, and/or photochemical reactions in advanced
oxidation process systems. Most of the AOPs use a com-
bination of strong oxidizing agents (e.g., hydroxyl radicals,
ozone, fluorine, atomic oxygen, hydrogen peroxide perhy-
droxyl radical, permanganate, hupobromous acid,
hypochlorous acid, and chlorine dioxide) with catalysts
(e.g., transition metal ions) and irradiation (e.g., ultraviolet,
visible).

Photocatalytic degradation is considered as a promising
technology for the elimination of pesticides from aqueous
media as it is one of the most effective methods for
wastewater treatment. It is a rapidly growing field of
research and has been studied in different types of natural
waters such as lake, river, and groundwater as well as in
distilled and drinking water under natural sun light and
simulated irradiation sources (Muhamad 2010). It simply
denotes the acceleration of photoreaction with the help of a
catalyst (Table 3). These advanced oxidation processes can
be classified either as homogeneous or as heterogeneous.

Homogeneous photocatalysis refers to those photocat-
alytic processes where the reactants and the photocatalysts
exist in the same phase during the reaction (Quiroz et al.
2011). The most commonly used homogeneous photocat-
alysts include ozone and photo-Fenton systems (Fe*" and
Fe?T/H,0,).

H,0,/UV The combination of UV radiation and hydro-
gen peroxide seems a promising option as it has proved to
be a simple and effective method that can totally



Environ Chem Lett (2015) 13:269-291

271

Table 3 Reactions underlying the physicochemical methods used for chlorpyrifos degradation

Method Reaction

Reference

Direct UV lysis

R + hv — Intermediates

Sharma (2015)

Intermediates + hv — CO, + H,O + R™

Fenton
Homogeneous photocatalysis (general C+hv - C,
reaction) C,+R >R, +C
R, - P
H,0,/UV

Photocatalytic ozonation
ZOH. i H202
Photo-Fenton

Fe?t + H,O, — Fe** + OH™ + OH" acidic aqueous solution

H,0, + hv (A = 250-254 nm) — 20H"

H,0 +0; + hv — 20H" + O,

Fe’* + H,0, - Fe** + OH™ + OH"

Samet et al. (2012)
Domenech et al. (2004)

Ikehata and El-Din
(2006)

Sharma (2015)

Samet et al. (2012)

Fe(OH)*™ + hv - Fe** + OH® (A < 450 nm)
Fe(RCO,)*" 4+ hv — Fe*™ 4+ R” + CO, (A < 500 nm)

Heterogeneous photocatalysis

TiO, + hv » e~ + ht

Pelizzetti et al. (1993)

TiO, 0, (ads) + e~ — O3 ° (ads)
Ti(IV)-OH~ + h* — Ti(IV)-OH*/Ti(IV)-H,0 + h* —Ti(IV)-

OH® + H*

R + OHY/05 * - R* + H,0

mineralize chlorpyrifos in water (Ikehata and El-Din 2006).
This technique where hydrogen peroxide molecule is
cleaved into two hydroxyl radicals by UV photolysis
requires a relatively high dose of H,O, and/or a much
longer UV exposure time. The process is greatly pH
dependent, the rate of photolysis of hydrogen peroxide
increases with alkaline conditions (de Oliveira et al. 2014).
93 % conversions of chlorpyrifos have been achieved in
20 min with H,O, initial concentration of 450 mg L!
(0.16 mg of chlorpyrifos degraded per mg of H,0,
consumed) (Femia et al. 2013).

Fenton’s oxidation The degradation velocity of Fenton
oxidation can be enhanced when ultraviolet radiation and
visible light (UV-Vis) or solar radiation were added to the
reaction, and this modified Fenton is called photo-Fenton
treatment processes (combination of H,O,, Fe?", and UV-
Vis irradiation) (Oppenlander 2003). The solar photo-
Fenton process is found to be 50 % more efficient than the
Fenton process (Samet et al. 2012). The degradation rate in
both methods is strongly dependent on pH, temperature,
H,0, dosing rate, and initial concentrations of the insec-
ticide and Fe®". The acidification of the medium is must
for photo-Fenton, and the pH range between 2.6 and 3
gives the best performance of the system. Yu (2002) has
reported the treatment of concentrated solution of chlor-
pyrifos along with many other organophosphates via a
Fenton process at pH 2.8 and was able to show more than
95 % reduction in COD with no degradation products
detected. A comparative study on different effective

remediation technologies for chlorpyrifos reveals nano
photo-Fenton-like reagent (Fe,O3(nano)/H,0,/UV) as the
most effective treatment for chlorpyrifos removal in
drinking water followed by ZnO(nano)/H,O,/UV, Fe*t/
H,0,/UV, and ZnO/H,0,/UV, respectively (Derbalah et al.
2013). According to Yu (2002), a combination of super-
critical carbon dioxide extraction (SC-CQ,) and subse-
quent degradation by Fenton’s reagent may provide an
alternative water purification strategy for treating
organophosphate pesticides in agro-wastewater.

Ultrasound energy/ozone (US/O3) Apart from the use of
UV energy, ultrasound energy (US) is also used coupled
with oxidants. Oxidative degradation of standard chlor-
pyrifos by individual and combined effects of ultrasonic
irradiation and ozone showed that US/O; combined treat-
ment had a synergistic effect that significantly lowered the
toxicity of chlorpyrifos with increased production of
chloride, nitrate, and sulfate. However, decrease in pH
(from 7.46 to 4.49) observed during the degradation pro-
cess points towards the release of HCl which is unaccept-
able (Pengphol et al. 2012).

Heterogeneous photocatalysis degradation concept
involves the use of a solid semiconductor (e.g., metallic
oxides and sulfur such as TiO,, ZnO, CdS, ZnS) to generate a
colloidal suspension stable under radiation to stimulate a
reaction in the solid-liquid (or solid—gas) interface, and
charge transference occurs along the interface to balance
chemical potentials between the two faces (Quiroz et al.
2011). The term heterogeneous refers to the fact that the
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contaminants are present in the aqueous phase, while the
catalystis in the solid phase. Titanium dioxide (TiO,) coupled
with UV radiation of photon wavelength less than 400 nm is
the most frequently used semiconductor for chlorpyrifos
treatment (Devipriya and Yesodharan 2005; Schulman 2013).
TiO, photocatalytic degradation of chlorpyrifos in aqueous
phase in the presence of artificial UV light and sunlight was
reported by Verma and Dixit (2012). The authors suggest
treatment under natural solar conditions will give better
results as compared to UV treatment. Similar photocatalytic
degradation of chlorpyrifos in aqueous suspensions under
solar light using nanocrystals of ZnO has also been demon-
strated (Kanmoni et al. 2012). However, many investigators
reported the ability of TiO, to exhibit a better photocatalytic
activity on the degradation of chlorpyrifos than that of ZnO
under same photocatalytic reaction conditions (Kanmoni
et al. 2012; Fadaei and Kargar 2013). Enhancement of
degradation and improvement in biodegradability index of
TiO, by the addition of H,O, has been evaluated and found
UV/Ti0,/H,0, photocatalysis is very effective in degrada-
tion of chlorpyrifos in aqueous solution (Miguel et al. 2012;
Affam and Chaudhuri 2013). UV/Ti0,/H,0, photocatalysis
may be applied as pre-treatment of a chlorpyrifos, cyperme-
thrin, and chlorothalonil pesticide contaminated wastewater
at pH 6, for biological treatment. Photocatalysis with FeCls
also reported to enhance chlorpyrifos degradation (Penuela
and Barcelo 1997). Similarly, the application of Os/H,O,/
TiO, process found to give better chlorpyrifos degradation at
an average degradation yield of 36 % than that of ozone, O5/
H,0, and O5/TiO, (Ormad et al. 2010). However, doping
with transition metal ions such as V>F, Mo®*, and Th** was
found to decrease the photocatalytic activity of TiO, (Devi
et al. 2009).

Radiation process with a beam of accelerated electrons
or gamma radiation is considered one of the most powerful
advanced oxidation processes for decomposition of various
pollutants. Gamma irradiation is reported to have the
potential to degrade chlorpyrifos and could be utilized in
combination with the conventional method sunlight to
clean up environmental samples contaminated with
chlorpyrifos (Hossain et al. 2013). A dose dependent
pseudo-first-order (decay) radiolysis of chlorpyrifos by
0Co vy-ray in aqueous solution was observed in a labora-
tory study, and the results depicted 100 % degradation of
500 pug L™ solution at an absorbed dose of 575 Gy (the
dose rate was 300 Gy hfl) (Ismail et al. 2013). An
advanced oxidation process system that combines micro-
wave radiation, ultraviolet radiation, TiO,, and H,O,
solutions (MO/UV/TiO,/H,0,) was reported as the most
efficient to remove chlorpyrifos from aqueous media, with
100 % removal reached within 6 min reaction time in
diluted concentrations of the oxidizing agents (Barros et al.
2013).
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Degradation of chlorpyrifos by a combination of
immobilized hemoglobin and in situ generated hydrogen
peroxide is reported for the first time by Tang et al. (2011).
This electrochemical-enzyme system under the optimal
conditions could give more than 98 % of the chlorpyrifos
degradation with low power and high efficiency and hence
suggested as a possible alternative for expensive natural
enzymes used for chlorpyrifos contaminated wastewater
treatment.

Biodegradation

Biotic degradation is a common process for the removal of
any organic pollutants. Several species of bacteria and
fungi have been demonstrated to exhibit considerable
capacity for the metabolism of chlorpyrifos in soil and
liquid media (Table 4). Microbes can degrade chlorpyrifos
either catabolically (John et al. 2014; Singh et al. 2004) or
co-metabolically (Anwar et al. 2009), former refers to
mineralization by direct use as a source of carbon and
energy, while latter is the incidental metabolism where the
compound is transformed without any benefit to the
microbe. A reasonably good number of bacteria were
reported to mineralize chlorpyrifos including Flavobac-
terium sp. ATCC 27551, Arthrobacter sp. (Mallick et al.
1999), and Enterobacter (Singh et al. 2004). Chlorpyrifos
and 3,5,6-trichloro-2-pyridinol degrading Alcaligenes fae-
calis strain have been reported (Yang et al. 2005) but was
not efficient enough for chlorpyrifos removal. Klebsiella
sp. obtained from activated sludge sample of wastewater
treatment plant in Damascus was reported to degrade 92 %
chlorpyrifos in 4 days (Ghanem et al. 2007). 100 %
degradation of 100 mg L™ chlorpyrifos has been observed
using different bacteria including Sphingomonas, Steno-
trophomonas, Bacillus sp., Brevundimonas, and Pseu-
domonas sp. isolated from polluted water samples of
chlorpyrifos manufacturing industry, China, and enriched
in mineral salts medium (Li et al. 2008). Similarly, a
Paracoccus sp. isolated from activated sludge sample from
pesticide manufacturers and enriched in TYC medium
found to be degrading 100 % of chlorpyrifos (50 mg L™
and 3,5,6-trichloro-2-pyridinol in four days (Xu et al.
2008). Growth studies revealed that a soil bacterium des-
ignated MS09, capable of utilizing chlorpyrifos as the sole
carbon source isolated by selective enrichment, which later
identified as a strain of Providencia stuartii is able to uti-
lize different concentrations of chlorpyrifos varying from
50 to 700 mg L' (Rani et al. 2008). A Pseudomonas sp.
(ChID), isolated from agricultural soil by enrichment cul-
ture technique, was capable of producing biosurfactant
(rhamnolipids) and degrading chlorpyrifos (Singh et al.
2009). Many Bacillus sp. including Bacillus pumilus (An-
war et al. 2009), Bacillus licheniformis (Zhu et al. 2010),
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Table 4 Organisms capable of

. . Organisms
degrading or removing

Reference

chlorpyrifos Bacteria

Acinetobacter calcoaceticus

Agrobacterium

Alcaligenes faecalis

Arthrobacter sp.

Bacillus cereus

Bacillus firmus

Bacillus licheniformis

Bacillus pumilus

Bacillus subtilis

Brucella melitensis

Brevundimonas sp.

Cupriavidus sp.
Cupriavidus taiwanensis

Enterobacter sp.

Escherichia coli

Flavobacterium sp.

Micrococcus sp.

Klebsiella sp.

Paracoccus sp.
Plesiomonas sp.
Providencia stuartii
Pseudomonas sp.
Pseudomonas fluorescence

Pseudomonas aeruginosa

Pseudomonas desmolyticum
Pseudomonas nitroreducens
Pseudomonas putida
Pseudomonas stutzeri
Pseudomonas pseudoalcaligenes
Serratia sp.
Sphyngomonas
Stenotrophomonas sp.
Cyanobacterium
Anabaena sp.
Phormidium valderianum
Spirulina platensis
Synechocystis sp.
Actinomycetes
Streptomyces sp
Streptomyces thermocarboxydus
Fungus
Acremonium sp.
Aspergillus
Aspergillus niger
Cladosporium cladosporioides

Emericella sp.

Zhao et al. (2014)

Maya et al. (2011), Chishti and Arshad (2012)
Yang et al. (2005)

Mallick et al. (1999)

Lakshmi et al. (2009), Liu et al. (2012)
Sabdono (2013)

Zhu et al. (2010)

Anwar et al. (2009)

Lakshmi et al. (2008), El-Helow et al. (2013)
Lakshmi et al. (2008)

Li et al. (2008)

Lu et al. (2013)

Zhu et al. (2013)

Singh et al. (2004), Chishti and Arshad (2012)
Wang et al. (2002)

Mulbry et al. (1986) Mallick et al. (1999)
Guha et al. (1997)

Ghanem et al. (2007), Lakshmi et al. (2009),
Gilani et al. (2010), John et al. (2014)

Xu et al. (2008)
Yang et al. (2006)
Rani et al. (2008)

Lakshmi et al. (2008)

Sasikala et al. (2012), Latifi et al. (2012),
John et al. (2014)

Rokade and Mali (2013)

Latifi et al. (2012)

Ajaz et al. (2009), Sasikala et al. (2012)
Sasikala et al. (2012)

Wu et al. (2004)

Xu et al. (2008), Lakshmi et al. (2009)
Li et al. (2007)

Yang et al. (2006), Li et al. (2008)

Park (2010)

Palanisami et al. (2009)
Thengodkar and Sivakami (2010)
Singh et al. (2011)

Briceno et al. (2012)
Eissa et al. (2014)

Kulshrestha and Kumari (2011)

Liu et al. (2002), Maya et al. (2012)
Mukherjee and Gopal (1996)

Gao et al. (2012)

Maya et al. (2012)
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Table 4 continued B
Organisms

Reference

Eurotium sp.
Fusarium
Ganoderma sp.
Mucor sp.
Penicillium
Penicillium vermiculatum
Phanerochaete chrysosporium
Saccharomyces cerevisiae
Trichoderma
Trichoderma harzianum
Trichoderma viride
Verticillium sp.
Algae

Chlorella vulgaris

Maya et al. (2012)

Wang et al. (2005)

Silambarasan and Abraham (2013)
Hastings and Coster 1981)

Maya et al. (2012)

Hastings and Coster (1981)
Bumpus et al. (1993)

Lal and Lal (1987)

Hastings and Coster (1981)
Mukherjee and Gopal (1996)
Yu et al. (2006), Fang et al. (2008)

Mukherjee et al. (2004)

Phytoremediation (remove chlorpyrifos)

Chenopodium amaranticolor
Lemna minor L.
Plantago major L.

Pistia stratiotes L.

Garg et al. (2010)

Prasertsup and Ariyakanon (2011)
Romeh and Hendawi (2013)
Prasertsup and Ariyakanon (2011)

and Bacillus subtilis strain Y242 (El-Helow et al. 2013)
were also demonstrated to show almost complete degra-
dation in soil contaminated with chlorpyrifos. Biodegra-
dation of chlorpyrifos by Pseudomonas sp. was
investigated in batch as well as continuous bioreactors
(Yadav et al. 2014). Though chlorpyrifos removal effi-
ciency of more than 91 % was observed up to
300 mg L™" day~!, accumulation of 3,5,6-trichloro-2-
pyridinol and flow fluctuations were found to affect the
reactor performance.

There are many fungal species known to cause miner-
alization of chlorpyrifos in liquid medium, including Sac-
charomyces cerevisiae (Lal and Lal 1987). In earlier
studies, biodegradation of chlorpyrifos has been investi-
gated using Aspergillus sp. (Liu et al. 2002), Trichoderma
(Mukherjee and Gopal 1996), and Fusarium (Wang et al.
2005) fungal communities with varying degrees of success.
Chlorpyrifos degradation by fungi, such as Phanerochaete
chrysosporium, Aspergillus terreus, and Verticillium sp.
DSP, has also been studied (Bumpus et al. 1993; Omar
1998; Yu et al. 2006). Kulshrestha and Kumari (2011) have
reported that pure fungal strain Acremonium sp. could
utilize chlorpyrifos (83.9 %) as a source of C and N. Apart
from bacteria and fungi, a few cyanobacteria (Singh et al.
2011; Thengodkar and Sivakami 2010), actinomycetes, and
algae have also been exploited for their potential to
degrade chlorpyrifos. And the results of Eissa et al. (2014)
using Bacillus sp. SMFS, Penicillium sp. F09-T10-1, and
Streptomyces thermocarboxydus strain A-B depict that
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bacteria show the maximum degradation followed by fungi
and actinomycetes respectively.

Studies have shown the efficacy of microbial consortium
to co-metabolize chlorpyrifos which can be explained by
taking into account the compatibility and the physiological
relationship between individual members of the consor-
tium. Three aerobic bacterial consortia developed from
pesticide contaminated soils of Punjab comprising Pseu-
domonas aeruginosa, Bacillus cereus, Klebsiella sp., and
Serratia marscecens were able to degrade chlorpyrifos
(50 mg L™") in soil after 30 days by 50, 56, and 64 %.
(Lakshmi et al. 2009). A consortium consisting of Kleb-
siella sp., Pseudomonas aeruginosa, Pseudomonas stutzeri,
and Pseudomonas putida isolated from chlorpyrifos con-
taminated agricultural soil, which could degrade chlor-
pyrifos even at 500 mg L™, highlights the potential use of
consortia to clean up contaminated sites (Sasikala et al.
2012). Degradation efficiency and optimal conditions for
efficient chlorpyrifos degradation by co-culture of chlor-
pyrifos degrading bacterium Serratia sp. and 3,5,6-tri-
chloro-2-pyridinol mineralizing Trichosporon sp. in liquid
medium have also been investigated (Xu et al. 2007).
Complete mineralization by co-culture of Cellulomonas
fimi that could transform chlorpyrifos to 3,5,6-trichloro-2-
pyridinol and a 3,5,6-trichloro-2-pyridinol utilizing fungal
strain Phanerochaete chrysosporium within 16 h showed
not only the potential to clean up contaminated environ-
ment, but also the advantage of consortia over single cul-
tures (Barathidasan et al. 2014).
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Degradation of chlorpyrifos using a biomix and biobed
system has been studied in detail. Tortella et al. (2010)
have recommended biobeds constructed with biomix pre-
pared with Andisol soil and biostimulated with NPK
nutrient as a viable alternative of chlorpyrifos dissipation
avoiding soil and water contamination. Recently, our
study using microbial consortium consisting of Klebsiella
sp. and two different strains of Pseudomona aeruginosa
also has reported the enhanced degradation of chlorpyrifos
when amended with NPK nutrients (John et al. 2014).
Study to evaluate the efficacy of different selected organic
amendments for improving the microbial activity has
showed that the biostimulating potential was higher for
mushroom spent followed by vermicompost, biogas slurry,
soil spiked with 10 ppm chlorpyrifos and farmyard man-
ure, and vermicompost (37 %), mushroom spent (24 %)
and farmyard manure (1.9 %), respectively (Kadian et al.
2012).

Evidences from soil and laboratory degradation studies
clearly indicate the cleavage and mineralization of the
heterocyclic ring due to the activities of microorganisms
resulting in the production of 3,5,6-trichloro-2-pyrinidinol
and 3,5,6-trichloro-2-methoxypyridine as the major
metabolites. The crucial step in the complete degradation
of chlorpyrifos is the metabolism and mineralization of
3,5,6-trichloro-2-pyridinol and 3,5,6-trichloro-2-methoxy-
pyridine. Some studies have noted that the metabolites are
also degraded and mineralized by soil microorganisms. For
example, in a study using seven selected bacteria for
chlorpyrifos and 3,5,6-trichloro-2-pyridinol, degradation
potential has been found to be higher in Pseudomonas
followed by Agrobacterium and Bacillus with all the seven
isolates more efficient in degrading 3,5,6-trichloro-2-
pyridinol compared to chlorpyrifos (Maya et al. 2011).
Inoculation of chlorpyrifos contaminated soil with Cupri-
avidus sp. DT-1 strain has resulted in a degradation rate of
100 and 94.3 %, for chlorpyrifos and 3,5,6-trichloro-2-
pyridinol, respectively (Lu et al. 2013). A new fungal strain
Cladosporium cladosporioides Hu-01 was reported for
possessing the metabolic pathway for the complete detox-
ification of chlorpyrifos and its hydrolysis product 3,5,6-
trichloro-2-pyridinol by significantly reducing the half life
of both compounds.

Most of the studies primarily focus on microorganisms
and their use in bioremediation of contaminated sites. In
addition to microorganisms, some plants also can either
stimulate degradation or remove chlorpyrifos by the pro-
cess referred as phytoremediation (Table 4). Plant roots in
rhizosphere soil significantly influence soil microbial
population, thereby facilitating degradation of chlorpyrifos
by microorganisms. For example, in pot culture experiment
study, chlorpyrifos was found to undergo rapid degradation

under the influence of ryegrass mycorrhizosphere. The
authors also observed 100 % degradation of all the tested
concentrations in the inoculated rhizospheric soil compared
to the non-inoculated soil during bioaugmentation with the
bacterium Pseudomonas nitroreducens PS-2 which sur-
vived in spiked soil (Korade and Fulekar 2009). Rhizo-
sphere associated chlorpyrifos degradation was also
reported by Dubey and Fulekar (2012) who observed better
survival of a novel strain Stenotrophomonas maltophilia
MHF ENV20 in remediated rhizosphere soil of Pennisetum
pedicellatum. During time course pot experiments con-
ducted in greenhouse, 100, 50, and 33.3 % degradation at
50, 100, and 150 mg kg~' concentrations of chlorpyrifos
within 48, 72, and 120 h, respectively, were recorded by
this strain in remediated rhizosphere soil. Hence, the
authors suggest that high chlorpyrifos tolerance and rhi-
zospheric degradation capability of Pennisetum pedicella-
tum make this plant suitable for decontamination and
remediation of contaminated sites. Though relative inhi-
bition in the growth rate has been reported, Wang et al.
(2013b) recommended the use of aquatic plant Iris pseu-
dacorus against chlorpyrifos in natural water body.

Biodegradation at enzyme and molecular levels

Pesticide biodegradation process is a series of complex
reactions that involves three phases, each carried out by dif-
ferent enzymes (Hatzios 1991). Phase I process involves
oxidation, reduction, or hydrolysis, which solubilizes the
compound in water and increases bioavailability. Oxygena-
tion in the metabolism of pesticides and other organic xeno-
biotics are manifested by oxidative enzymes, including
cytochrome P450s, peroxidases, and polyphenol oxidases.
During the second phase conjugation, the pesticide or pesti-
cide metabolites are conjugated to sugar, amino acid, or
glutathione, and the products formed with increased water
solubility and reduced toxicity compared to parent compound
can be stored in cellular organelles. Glutathione S-transferase
is the major enzyme responsible for phase II which catalyzes
the nucleophilic attack of the sulfur atom of GSH by the
electrophilic center of the substrate (Marrs 1996). The last
phase involves conversion of phase II metabolites into non-
toxic secondary conjugates. Organophosphate hydrolyzing
enzymes are collectively known as aryldialkylphosphatase/
organophosphorus hydrolase/phosphotriesterase. Chlorpyri-
fos degrading microorganisms are capable of producing
either of these enzymes such as organophosphorus hydrolase
(OPH) (Gao et al. 2012), phosphotriesterase (PTE) methyl
parathion hydrolase (MPH) (Chino-Flores et al., 2012), and
organophosphorus acid anhydrolase (OPAA) (Cheng et al.
1993; Theriot and Grunden 2011). These enzymes differ in
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protein sequence, 3D structure, and catalytic mechanism, but
they also share several common features. All these enzymes
are metal dependent hydrolases that contain a hydrophobic
active site with three discrete binding pockets to accommo-
date the substrate ester groups. Activation of the substrate
phosphorus center is achieved by a direct interaction between
the phosphoryl oxygen and a divalent metal in the active site
(Bigley and Raushel 2013). Biodegradation by organophos-
phorus hydrolase or phosphotriesterase that catalyzes the first
step of the degradation (Singh and Walker 2006) has been
studied extensively. Microbial organophosphorus hydrolase
effectively cleaves P-O in the phosphotriesters bond, P-S
linkage in the phosphothiolesters, P-CN or P-F of
organophosphate pesticides (Ang et al. 2005), the former two
being the case of chlorpyrifos and yields two major metabo-
lites such as 3,5,6-trichloro-2-pyridinol and diethylphosphate
(DETP) (Singh et al. 2004) (Fig. 3). Some other metabolites
such as desethyl chlorpyrifos, chlorpyrifos oxon, desethyl
chlorpyrifos oxon, and 3,5,6-trichloro-2 methoxypyrimidine
are also produced during the degradation in very minute
quantities. Chlorpyrifos oxon, the oxidized form of chlor-
pyrifos, is further hydrolyzed either enzymatically or spon-
taneously to form diethylphosphate and 3,5,6-trichloro-2-
pyridinol. The 3,5,6-trichloro-2-pyridinol can be further
degraded to 3,5,6-trichloro-2-methoxy-pyridine and carbon

dioxide (Racke 1993). For example, Cladosporium
s T cl
| I Oxidation
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OC;Hs
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Hydrolysis
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I Cl
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Fig. 3 Proposed degradation pathway of chlorpyrifos
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3,5, 6 Trichloro-2-pyridinol

cladosporioides Hu-01 was reported to mineralize 3,5,6-tri-
chloro-2-pyridinol in a liquid medium (Chen et al. 2012) and
an Enterobacter sp. that could mineralize chlorpyrifos to
diethylphosphate which was further utilized for its growth
and energy (Singh etal. 2004). A Paracoccus sp. was reported
to be able to completely mineralize chlorpyrifos with no
accumulation of 3,5,6-trichloro-2-pyridinol or diethylphos-
phate (Xu et al. 2008).

The organophosphorus hydrolase is a zinc containing
homo-dimeric enzyme that can degrade a broad spectrum of
organophosphorus pesticides such as paraoxon, parathion,
and diazinon and is believed to be the enzyme produced in
chlorpyrifos degrading microbes. Organophosphorus
hydrolase activity has been reported in cytoplasm of many
microorganisms (Latifi et al. 2012; Mulbry 2000). On the
other hand, membrane bound organophosphorus hydrolase
was observed in Flavobacterium sp. strain ATCC 27551 and
Brevundimonas diminuta MG (Brown 1980; Dumas et al.
1989). Organophosphorus hydrolase catalyzes hydrolysis of
most of phosphorus ester bonds in organophosphates via the
addition of an activated water molecule at the phosphorus
center (Lewis et al. 1988). This enzyme mediated cleavage
of bonds occurs with different efficiencies, where the
hydrolytic efficiency of organophosphorus hydrolase
towards the P-S bond class of organophosphates is very
poor. For example, organophosphorus hydrolase catalyzes
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the P-O bond of paraoxon with a k., of 2280 s~1, but the
reaction is very slow in the case of P—S bonds of demeton-S,
malathion, phosalone, and acephate, with k. of
0.63-13.16 s~ (Di Sioudi et al. 1999). Similar is the case of
chlorpyrifos also, where it is hydrolyzed almost 1000 fold
slower than the preferred substrate, paraoxon (Cho et al.
2004). The authors have demonstrated that wild type
organophosphorus hydrolase had minimal degradatory
activity for chlorpyrifos, and directed evolution can be used
to improve a 725 fold increase in the k.,/K,, value for this
very poorly hydrolyzed compound. A novel organophos-
phorus hydrolase hydrolyzing methyl parathion, parathion,
paraoxon, coumaphos, demeton-S, phosmet, and malathion
has been purified and characterized in Penicillium lilacinum
BP303. This amonomeric enzyme had a molecular mass of
60,000 Da, a pl of 4.8, and optimum enzyme activity at
45 °C, and pH 7.5. Its activity was strongly inhibited by
Hg”", Fe**, p-chloromercuribenzoate, iodoacetic acid, and
N-ethylmaleimide, while Cu2+, mercaptoethanol, dithio-
threitol, dithioerythritol, glutathione, and detergents slightly
activated the enzyme (Liu et al. 2004). A novel chlorpyrifos
hydrolase from cell extract of Cladosporium cladospori-
oides Hu-01 having a monomeric structure with a molecular
mass of 38.3 kDa was purified 35.6 fold to apparent
homogeneity. This enzyme which shared no similarity with
any reported organophosphorus hydrolase had a pl value
estimated to be 5.2 and showed optimal pH and temperature
of 6.5 and 40 °C, respectively. Chlorpyrifos was the pre-
ferred substrate with K,,, and V., values of 6.7974 uM and
2.6473 pmol min~', respectively. No cofactors were
required for the hydrolysis activity and was able to hydro-
lyze various organophosphorus insecticides with P-O and
P-S bond (Gao et al. 2012).

Methyl parathion hydrolase (MPH), the enzyme that
catalyzes the turnover of methyl parathion to p-nitrophenol
(pNP), also shares the broad substrate range like
organophosphorus hydrolase. Many microbial esterases
have also been studied for pesticide hydrolysis. For exam-
ple, esterase activity involved in malathion degradation was
determined in culture filtrate of Bacillus thuringiensis MOS-
5 (Zeinat Kamal et al. 2008). Increase in activity of pesticide
metabolizing enzymes such as polyphenol oxidase, catalase,
superoxide dismutase, esterase, and glutathione S-trans-
ferase, and metabolization of chlorpyrifos by the use of
esterase A has been observed in marine cyanobacterium
Phormidium valderianum BDU 20041 upon exposure to
chlorpyrifos (Palanisami et al. 2009). Interaction of bacterial
phosphotriesterase with organophosphates has long been
accepted as a useful biosensor system for decontamination
of real samples of pesticides with concentrations up to
20 pg L' (Istamboulie et al. 2010). Chlorpyrifos induced
organophosphorous phosphatase (OPP) production and
degradation of chlorpyrifos was reported by Harishankar

et al. (2013) in the intestinal bacteria Lactobacillus lactis, L.
fermentum, and Escherichia coli which were able to grow
even at higher concentration of chlorpyrifos (greater than
1400 pg mL™h.

The molecular basis of degradation of organophosphates
has been extensively studied. The organophosphorus
hydrolase enzymes are encoded by the opd (organophos-
phate degradation) and mpd (methyl parathion hydrolase)
genes. opd genes have been isolated from different
microorganisms from different geographical regions, and
some of them have been shown to hydrolyze chlorpyrifos.
Most of the opd genes were found to be plasmid based
(Serdar et al. 1982) with similar sequences. For example,
Flavobacterium sp. strain ATCC 27551 and B. diminuta
MG contain identical opd genes that are on very different
plasmids (Brown 1980; Dumas et al. 1989). In contrast to
this, Horne et al. (2002) isolated chromosome located opd
gene from Agrobacterium radiobacter, which had a similar
sequence to the opd gene from other bacteria. However,
study conducted by Ajaz et al. (2009) demonstrated
chlorpyrifos degradation in Pseudomonas putida MAS-1 as
a function of combined action of plasmid and chromosomal
genes. A gene (ophB) encoding a protein involved in
chlorpyrifos degradation was isolated from an endophytic
bacterial strain, Pseudomonas sp. BF1-3 and cloned into
Escherichia coli DH5a for confirming its enzyme activity.
This 1024 bp nucleotide sequence ophB encodes OphB
protein with an estimated molecular weight of 31.4 kDa
having optimal activity at pH 8 and temperature around 35°
(Barman et al. 2014).

The mpd gene, which is completely different from the
opd gene, codes for methyl parathion hydrolase enzyme
following a separate organophosphate degrading pathway
to mineralize methyl parathion, methyl paraoxon, etc.
Since chlorpyrifos has a similar chemical structure to
parathion-methyl, it is likely to be acted upon by the
enzymes coded by mpd gene family. The mpd gene was
first isolated from Plesiomonas sp. M6 (Zhongli et al.
2001) which could be effectively expressed in Escherichia
coli. Researchers reported that the mpd gene is chromo-
some based, as no plasmids were detected in isolates (Li
et al. 2007; Yang et al. 2006). However, an exception to
this is the plasmid location of mpd in Pseudomonas sp. WB
C-3 (Liu et al. 2005). The mpd gene encoding the
organophosphorus  hydrolase cloned from Steno-
trophomonas YCI1 strain was successfully expressed in
Escherichia coli DH5a cells, and the results showed this
996 bp mpd gene encoded a protein with high similarity to
the hydrolase from Plesiomonas sp. M6 (Yang et al. 2006).
Similarly, the gene encoding the chlorpyrifos hydrolytic
enzyme from Sphingomonas sp. strain Dsp-2 cloned using
a PCR based technique showed 99 % sequence similarity
to the mpd genes of Plesiomonas sp. M6, Pseudomonas sp.
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WBC-3, and Ochrobactrum sp. mp-6. However, at the
amino acid level, it had only 92 % similarity to methyl
parathion hydrolase from Plesiomonas sp. strain M6 with
26 amino acid substitutions, including an insertion which
enhanced its hydrolytic efficiency for chlorpyrifos signifi-
cantly than the wild type mpd from strain M6 (Li et al.
2007). Information elucidating the relationships between
function and structure of organophosphorus hydrolase and
polymorphism in the mpd gene has been provided by Li
et al. (2008). During the gene amplicon study, they
observed several key amino acid substitutions in highly
conserved mpd genes of chlorpyrifos degrading two
Pseudomonas sp. (Dsp 1 and Dsp 3), Sphingomonas sp.
(Dsp 2), and Stenotrophomonas sp. (Dsp 4). Three groups
of hydrolases were resulted from these substitutions at
seven sites where hydrolases of strains Dsp-1 and Dsp-3
were identical. Such variations attributed to the increased
hydrolytic efficiency and hydrolysis rate for chlorpyrifos
compared to other tested substrates such as profenofos.
Zhang et al. (2006) have noticed mpd gene cluster that
constituted catabolic transposon, which contribute to the
dispersion and expression of this gene among a variety of
indigenous bacteria in a polluted environment.

There have been reports of organophosphate degrada-
tion genes which differed in sequences from the opd gene.
For example, studies on chlorpyrifos degrading Enter-
obacter strain possessing a novel phosphotriesterase
enzyme system revealed a gene system with different
sequence from the widely studied opd gene. The authors
suggested polygenic and chromosome based degradation of
chlorpyrifos by microorganisms (Singh et al. 2004).
Unique organophosphorus hydrolase activity and the
responsible gene distinct from other known genes were
reported in Nocardiodes simplex NRRL B-24074 (Latifi
et al. 2012). A gene called opdE (organophosphate degra-
dation from Enterobacter) consisting of 753 bp and
encoding a protein of 25 kDa was isolated from an En-
terobacter sp. This gene had no similarity to any genes
reported to degrade organophosphates (Chino-Flores et al.).

Conclusion

The global demand for agrochemicals is rapidly increasing.
The constant expanding of pesticide industry to a highly
competitive sector that resulted from indiscriminate wide
spread use makes pesticides the top players of the agro-
chemical industry. The consumption of organophosphate
pesticides including chlorpyrifos is increasing day by day
leading to the environmental accumulation and contamina-
tion. Statistical data show the presence of pesticides in
various environmental compartments to unacceptable
levels. The drastic environmental problems and toxicity
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issues originated from pesticide use have thus resulted in
greater public pressure to assess, monitor, and minimize the
impacts. Efforts are currently taken to develop safe, con-
venient, environmental friendly, and economically feasible
methods for pesticides detoxification. Physicochemical
treatment methods used to detoxify organophosphate are
expensive and lead to the contamination of medium.
Advanced methods are in demand for the effective treatment
of pesticides polluted environment to achieve complete
mineralization without the formation of toxic end products.
In this scenario, microbiological catabolism and metabolism
gains much attention as a route of mineralization of pesti-
cides. Bioaugmentation and biostimulation are considered
as reliable treatment methods to achieve the goal. Studies at
enzyme and molecular levels provide greater understanding
and valuable information of the mechanisms underlying the
degradation process. Recombinant expression of these genes
and enzymes will be a low-cost technology that enables
better degradation and environmental protection.
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Chlorpyrifos (CPF) is the single largest selling agrochemical that has been widely detected in surface
waters in India. The studies on long-term genotoxic effects of CPF in different tissues of fish using geno-
toxic biomarkers are limited. Therefore, in the present study DNA damage by CPF in freshwater fish Chan-
na punctatus using micronucleus (MN) and comet assays was investigated. The LCso — 96 h of CPF was
estimated for the fish in a semi-static system. On this basis of LCsq value sublethal and nonlethal concen-
trations were determined. The DNA damage was measured in lymphocytes and gill cells as the percent-
age of DNA in comet tails and micronuclei were scored in erythrocytes of fishes exposed to above
concentrations of CPF. In general, significant effects for both the concentrations and time of exposure
were observed in treated fish. It was found that MN induction in the blood was highest on day 14 at
203.0 pg/l of CPF. The highest DNA damage was observed on day 5, followed by a gradual non-linear
decline in the lymphocytes and gill cells. The study indicated MN and comet assays to be sensitive and
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rapid methods to detect mutagenicity and genotoxicity of CPF and other pollutants in fishes.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Occupational exposure to pesticides is a common and alarming
worldwide phenomenon. Approximately, 3 million cases of acute
poisoning and 0.22 million deaths from pesticide exposure have
been reported annually (Marrs, 1993; USDA, 1994; Yasmashita
et al., 1997). Chlorpyrifos (0,0-diethylO-3,5,6-trichloro-2-pyridyl
phosphorothioate) is a broad-spectrum organophosphate pesticide
used heavily throughout the world for agriculture and domestic
purposes. The main target of the pesticides is acetylcholinesterase,
which hydrolyses acetylcholine in cholinergic synapses at neuro-
muscular junctions (Ecobichon, 1991; Amitai et al., 1998). Chlor-
pyrifos (CPF) elicits a number of other effects including hepatic
dysfunction, immunological abnormalities, embryo toxicity, geno-
toxicity, teratogenicity, neurochemical, and neurobehavioral
changes (Muscarella et al., 1984; Muto et al., 1992; Thrasher
et al., 1993; Bagchi et al., 1995; Song et al.,, 1998; Dam et al.,
1999; Gomes et al., 1999). It is a widely used against fire ants, or-
namental plant insects, cockroaches, mosquitoes, termites, horn
flies, lice and fleas (EPA, 1986). Its persistence in sediments is
hazardous to sea bottom dwellers (Schimmel et al., 1983). The high

* Corresponding author. Tel.: +91 522 2442440/2442441; fax: +91 522 2442403.
E-mail address: nagpurens@yahoo.co.in (N.S. Nagpure).
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concentration of CPF immediately inhibits both DNA and protein
syntheses without regional selectivity in 1-day old rats (Whitney
et al., 1995).

In India, CPF is classified as an extremely hazardous pesticide
(ITRC, 1989); its residue has been found in scented roses and their
products (Kumar et al., 2004). Its maximum concentration has
been reported to be 88.6 pg/g in tissues of fishes Channa striata
and Catla catla from Kolleru Lake, India (Amaraneni and Pillai,
2001) and 198.5 nug/g in sediment, prawn and water samples from
prawn ponds near Kolleru Lake wetland (Amaraneni, 2006).

Surprisingly, the soft drinks also contain CPF in a concentration
of 4.8 ppb, which is 47 times higher than permissible limit (CSE,
2006). It has been reported to be genotoxic in C. punctatus and mice
leukocytes (Porichha et al., 1998; Rahman et al., 2002) and root
meristem cells of Crepis capillaris (Dimitrov and Gadeva, 1997).
The exposure to 0.08 pg/l of CPF caused reproductive impairment
in Daphnia magna (EPA, 1985).

Since there is growing a concern over the presence of genotox-
ins in the aquatic environment, the development of sensitive bio-
markers for detection of genotoxic effects in aquatic organisms
has gained importance (Hayashi et al., 1998). The micronucleus
(MN) and comet assays are two sensitive, rapid and extensively
used tools for detecting the mutagenic and genotoxic effects of
chemicals in the environment (Tucker and Preston, 1996; Kassie





















March 5, 2021
OPP Docket # EPA-HQ-OPP-2008-0850-0750
Environmental Protection Agency Docket Center (EPA/DC)
1200 Pennsylvania Ave. NW
Washington, DC 20460-0001

Subject: Letter Urging Expeditious Action to Ban Chlorpyrifos

The undersigned 101 farmworker, public health, environmental, labor, and faith organizations urge
the EPA to immediately revoke all food tolerances for chlorpyrifos and initiate the cancellation
process to end all uses of this neurotoxic pesticide.

Chlorpyrifos, which belongs to a nerve-agent class of pesticides called organophosphates (OPs), is used
on an extensive variety of crops and is acutely toxic and associated with neurodevelopmental harms in
children. Yet, in its proposed interim registration review decision, the EPA is proposing to allow 11 food
uses of chlorpyrifos to continue at the urging of industry.

Peer-reviewed studies and EPA’s own Scientific Advisory Panel have demonstrated that chlorpyrifos
damages children’s brains; prenatal exposure to very low levels of chlorpyrifos — levels far lower than
what EPA used to set regulatory limits — harms babies permanently. Studies show that exposure to
chlorpyrifos, and other OP pesticides during pregnancy, is associated with lower birth weight, attention
deficit disorders, autism spectrum disorder, reduced 1Q, and loss of working memory.! It is also unsafe
for workers even with the most protective equipment.

In 2014, EPA released a risk assessment finding unsafe drinking water contamination from chlorpyrifos
and it proposed to ban chlorpyrifos from food in 2015. In 2016, EPA released a revised human health
risk assessment, which confirmed that exposures to chlorpyrifos are unsafe whether in food, pesticide
drift, or drinking water; toddlers were being exposed to levels 140 times what is considered safe in food
and all drinking water exposures were found to be unsafe. But in 2020, EPA released a new risk
assessment, which abandoned attempts to protect children from the low-level exposures that damage
their brains.

Under the law, EPA must find reasonable certainty of no harm to children from pesticides. It cannot
make this finding for any use of chlorpyrifos on food. The only outcome that protects our children and
complies with the law is to revoke all food tolerances and end all food uses as soon as possible. The
2015 proposed tolerance revocation would have prohibited chlorpyrifos on food six months after the
rule became final. EPA should adhere to that timetable.

1 See: “Brain anomalies in children exposed prenatally to a common organophosphate pesticide,” Rauh et. al.,
Proceedings of the National Academy of Sciences of the United States of America, reviewed for review February 27,
2012. Viewable: https://www.pnas.org/content/pnas/109/20/7871.full.pdf (last visited 1/29/21)

“Prenatal exposure to organophosphate pesticides and functional neuroimaging in adolescents living in proximity
to pesticide application,” Sagiv et. al., Proceedings of the National Academy of Sciences of the United States of
America, received for review March 6, 2019. Viewable: https://www.pnas.org/content/116/37/18347 (last visited
1/29/21)
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This statement presents the position of the American Academy of Pe-
diatrics on pesticides. Pesticides are a collective term for chemicals
intended to kill unwanted insects, plants, molds, and rodents. Children
encounter pesticides daily and have unique susceptibilities to their po-
tential toxicity. Acute poisoning risks are clear, and understanding of
chronic health implications from both acute and chronic exposure are
emerging. Epidemiologic evidence demonstrates associations between
early life exposure to pesticides and pediatric cancers, decreased cog-
nitive function, and behavioral problems. Related animal toxicology
studies provide supportive hiological plausibility for these findings.
Recognizing and reducing problematic exposures will require attention
to current inadequacies in medical training, public health tracking, and
regulatory action on pesticides. Ongoing research describing toxico-
logic vulnerabilities and exposure factors across the life span are
needed to inform regulatory needs and appropriate interventions. Pol-
icies that promote integrated pest management, comprehensive pes-
ticide labeling, and marketing practices that incorporate child health
considerations will enhance safe use. Pediatrics 2012;130:e1757—€1763

INTRODUCTION

Pesticides represent a large group of products designed to kill or harm
living organisms from insects to rodents to unwanted plants or ani-
mals (eg, rodents), making them inherently toxic (Table 1). Beyond
acute poisoning, the influences of low-level exposures on child health
are of increasing concern. This policy statement presents the position
of the American Academy of Pediatrics on exposure to these products.
It was developed in conjunction with a technical report that provides
a thorough review of topics presented here: steps that pediatricians
should take to identify pesticide poisoning, evaluate patients for
pesticide-related illness, provide appropriate treatment, and prevent
unnecessary exposure and poisoning.! Recommendations for a regula-
tory agenda are provided as well, recognizing the role of federal agen-
cies in ensuring the safety of children while balancing the positive
attributes of pesticides. Repellents reviewed previously (eg, N,N-diethyl-
meta-toluamide, commonly known as DEET; picaridin) are not discussed.2

SOURCES AND MECHANISMS OF EXPOSURE

Children encounter pesticides daily in air, food, dust, and soil and on
surfaces through home and public lawn or garden application,
household insecticide use, application to pets, and agricultural product

e1757
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