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ABSTRACT 
 
Chlorpyrifos an insecticide, is extensively used in Pakistan and contaminating the soil and 

water environments at several sites. Exploration of efficient chlorpyrifos-degrading bacteria 

to clean-up this toxicant is of immense importance. This study reports the isolation, screening 

and identification of highly efficient chlorpyrifos degrading bacterial strains from different 

soils and water samples collected from different sites of Pakistan. Out of total 50 isolated 

bacterial strains, 32 were tested for their biodegradation capability in a culture medium 

containing chlorpyrifos as carbon and energy source. The bacterial isolates showed a great 

variation (25-92%) in their ability to degrade chlorpyrifos in broth condition. Out of these 32 

strains, four bacterial strains (SWLC2, SWLH2, SGB2 and SWLC1) were the most 

promising in their growth and biodegradation activity and were identified and characterized 

by biochemical characteristics and 16S rRNA sequence analyses. Three strains (SGB2, 

SWLC1 and SWLC2) showed the greatest similarity to the members of Enterobacteriacea 

and one strain (SWLH2) to Rhizobiacea families. These selected strains (Enterobacter sp. 

SWLC1, Enterobacter sp. SGB2, Agrobacterium sp. SWLH2 and Enterobacter sp. SWLC2) 

exhibited biodegradation potential between 81 to 92% of the spiked amount of chlorpyrifos 

(100 mg l-1) within 18 days of incubation in broth culture. Biodegradation of chlorpyrifos 

continued gradually throughout the incubation period (18 days) as examined by the HPLC -

UV system. Abiotic degradation contributed only up to 15% of the spiked amount. Maximum 

biodegradation by the four efficient bacterial strains was observed at an initial pH of 7 and an 

incubation temperature of 30 oC, under shaking conditions. Among these four strains, 

Enterobacter sp. SWLC2 was found most efficient in biodegradation of chlorpyrifos and was 

selected for further studies. This strain was then optimized in broth as well as in soil slurry 

under different conditions.  Enterobacter sp. SWLC2 showed maximum biodegradation of 

chlorpyrifos at pH 7, 30 oC, under shaking conditions with inoculum size of 800 μl.  

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 varied in different textured soils, 

being more rapid in course textured soils than in fine textured soil. Among these soils, loamy 

soil was selected for further studies in soil slurry experiments due to its medium textured 

nature as soils of Punjab are mostly loamy in texture. An initial inoculum size of 800 μl 

(OD= 0.80), incubation temperature of 30oC, under shaking, initial pH 7 of soil slurry of 

loam soil were found optimal conditions for maximum biodegradation of chlorpyrifos by 



 

Enterobacter sp. SWLC2. Exogenous application of sugars, yeast extract, manitol, organic 

acids and amino acids had stimulator or inhibitory effects on biodegradation of chlorpyrifos 

by Enterobacter sp. SWLC2. Among these, glucose, yeast extract, succinic acid and citric 

acid had stimulatory effects on biodegradation of chlorpyrifos. Biodegradation of 

chlorpyrifos by Enterobacter sp. SWLC2 was also checked at different initial concentrations 

of chlorpyrifos from 10-250 mg l-1. Rate of biodegradation increased with increase in 

concentration of chlorpyrifos from 100-150 mg l-1 and suggested first order rate kinetics. In 

all experiments, utilization of chlorpyrifos by the strains was accompanied by a parallel 

increase in optical densities of broth implying that removal of this pesticide from the growth 

medium was a growth linked biodegradation. These results highlighted the potential of this 

bacterium to be used in the detoxification strategies of chlorpyrifos contaminated water and 

soil environments.  
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INTRODUCTION 
	

Pesticides are extensively used to increase crop production as part of pest control 

strategy and to promote public health by combating certain human diseases transmitted by 

insect vectors. They are an important component of an agricultural industry from viewpoint 

of economic and effective pest control, therefore, their continued use is essential. In 2006 and 

2008, it has been estimated that approximately 5.2 billion pounds of pesticides are being used 

worldwide. The use of fungicides, insecticides and herbicides contribute 10%, 17% and 40% 

respectively of the total world pesticide use (EPA, 2011). According to Economic Survey of 

Pakistan (2010), pesticides import in Pakistan has also been increased even more than double 

in 2009-10 (27,995 tons) compared to 1990-91 (13,030 tons). Out of total pesticides being 

used in Pakistan, 80% is used on cotton plants; the remainder 20% is applied to other crops; 

such as wheat, maize, sugarcane, tobacco, fruits, vegetables and paddy crops (Economic 

Survey of Pakistan, 2005-2006). It has also been investigated that out of the total pesticides 

being consumed in Pakistan, use of insecticides constitute the major part as 76% followed by 

herbicides, fungicides, acaricides and fumigants with total of 12%, 8%, 3% and 1% 

respectively (PPSGDP, 2002). 

In agricultural systems, synthetic pesticides are introduced intentionally to defend 

crops against fungi, weeds, insects, and other pests etc. (Yang et al., 2007). No doubt, 

pesticides play a wonderful role in the increase of agricultural productivity (Blain, 1990; 

Hashmi et al., 2004), yet these have generated many environmental and health related 

problems. The ideal pesticide is the one which is toxic only to the target organisms, 

biodegradable and should not contaminate the environment. The indiscriminate use of 

pesticides may cause damaging effects to the non-target organisms and unintentionally reach 

other ecosystems, in adjacent and remote areas where many non target organisms are 

exposed to them (Odenkirchen and Eisler, 1988; Bretaud et al., 2000 and Galloway and 

Handy, 2003). It has been reported that when pesticides are applied, only 0.1% contact the 

target pests and remaining 99.9% of the pesticides impact the environment (Ardley 1999; 

Pimentel, 2004; Chenseng et al., 2006) which are usually detected in ground and surface 

water, soil, air and vegetables. Hence they enter the food chain and causing toxicity to the 

biodiversity (Arau´jo et al., 2003; CFTRI, 2003). Application of pesticides in soil for the 
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control of soil borne pests and pathogens results in an accumulation of their residues and 

metabolites in soil (Redondo et al., 1997; Gamon et al., 2003). Moreover, pesticides 

contaminate water environment through different ways like leaching, direct runoff, careless 

dumping of empty containers and equipment washing etc. (Ahad et al., 2000, 2001; Tariq et 

al., 2004, 2006; Miliadis, 1994). Aerial application of pesticides provides an avenue for 

contamination of nearby water courses through runoff and spray drift. In Pakistan, most of 

the agricultural industries and pesticide manufacturing plants have either no treatment 

facilities or have grossly inadequate arrangement so, they are also adding relatively high 

quantities of toxic pesticides into the environment (Jilani and Altaf, 2004).  

Among various pesticides being used, historically, organochlorines were the most 

heavily used insecticides which are banned for use due to concerns of their high persistence 

and toxicity in the environment. Since then the organophosphates (OP) have substituted the 

organochlorines (Radcliffe, 2002) and being extensively used in agricultural practices for 

more than 40 years. Worldwide 38% of total pesticides being used belong to 

organophosphate compounds (POST, 1998). In the USA alone, 60,000 tons per year of these 

types of compounds are produced (Chapalamadugu and Chaudry, 1992) and about 33 million 

pounds of organophosphate insecticides were applied annually in 2007 (EPA, 2011). 

Although organophosphates are effective insecticides and less persistent in the environment, 

yet they lack target specificity and have been associated with high acute toxicity to a 

multitude of non-target organisms (Fulton and Key 2001; Galloway and Handy 2003). The 

poisoning of organophosphates is reported to be a global health problem (Karalliedde and 

Senanayake, 1999; Sogorb et al., 2004; Singh et al., 2009) and these compounds are 

frequently intentionally used in suicides in agricultural areas. 

Chlorpyrifos [O, O-diethyl O-(3, 5, 6-trichloro-2-pyrdinyl)-phosphorothioate] is a 

broad-spectrum chlorinated organophosphate insecticide and acaricide. It is used to control 

pests in agriculture, homes and golf courses and also to control mosquitoes (EPA, 2009). It is 

also used on cattle and sheep for ectoparasite control. It is fairly stable and persistent member 

of organophosphate pesticides. Chlorpyrifos is classified by the World Health Organization 

as class II, “moderately hazardous” pesticide (WHO, 1997). It is not systemically active and 

effective by contact, vapor action and ingestion. The solubility of chlorpyrifos is very low in 

water (≤ 2 mg l-1 at 25 ºC) but in most of organic solvents it is easily soluble. The mobility of 
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chlorpyrifos is considered low but with a high co-efficient of soil sorption (Racke, 1993; 

Kidd and James, 1991; Mackay et al., 1999). It is registered in more than 98 countries all 

over the world (Dow Agro Sciences, 1998-2011). Chlorpyrifos is widely used in the United 

States (EPA, 2004) and 164 registered products containing chlorpyrifos are used in Australia 

(NRA, 2000). In Pakistan, chlorpyrifos is registered for protection of cotton, rice, sugarcane, 

corn, apple and vegetables (Dow Agro Sciences, 1998-2011). It is used as pesticide, 

termiticide and household insecticide in large volume as well. 

Extensive use of chlorpyrifos is contaminating soil, air and water environments. Its 

contamination has been reported to be found as far as 24 km of its point source (NCAP, 

2000). In Pakistan, due to extensive use of chlorpyrifos, its residues have been detected in 

ground water in Mardan (Ahad et al., 2000), in apple, citrus fruits at different selling points 

of Karachi (Parveen et al., 2004), in cauliflower, tomato, potato, brinjal, spinach in 

Gujranwala (Asi, 2003), even in wild plants at road sides of Lahore (Muhammad et al., 2010) 

and also in cattle meat in Faisalabad (Islam et al., 2010). The extensive use of chlorpyrifos 

has drawn the attention of public because of its potential human health risks (Cochran et al. 

1995; Martı´nez Vidal et al. 1998). The actual oral median lethal dose (LD 50) for 

chlorpyrifos in rats is about 82- 70 mg kg-1 of body weight (EXTOXNET, 1993) and 500 mg 

kg-1 for guinea pig. Chlorpyrifos like other organophosphates inhibits an enzyme, acetyl 

cholinesterase (AChE) and it has also been reported that there is a strong correlation to 

chronic illness associated with autoimmune disorders after exposure to chlorpyrifos 

(Thrasher et al., 2002). Chlorpyrifos causes certain health problems like muscular twitching, 

convulsions and paralysis etc. It also affects cardiovascular, respiratory and nervous system 

(Serrano et al. 1997; Oliver et al. 2000). Traces of chlorpyrifos have been found in human 

sperm fluid, milk and cervical mucus (Wagner, 1990). It is especially harmful to women who 

are exposed to chlorpyrifos during pregnancy. Recent research indicates that it is highly toxic 

to children causing an increased risk of delays in mental and motor development and thus 

cause increased occurrence of insidious developmental disorders (Coony, 1999; Vidair, 2004; 

Rauh et al., 2006). 

Chlorpyrifos is also toxic to beneficial insects like honey bees, ladybird beetles and 

wasps (NRA, 2000), amphibians (Phillips et al.,2003; Cáceres et al., 2007) and promote high 

acute and chronic toxicity to aquatic species (Wan et al., 2005; Zalizniak and Nugegoda, 
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2006; Palma et al., 2008), birds and plants (NCAP, 2000). In agro ecosystem, intensive and 

extensive use of chlorpyrifos has contaminated the soil environment, decreased the available 

N and P content in soil (Sardar and Kole, 2005) and thus microbial populations and activities 

are affected (Pandey and Singh, 2004; Shan et al., 2006; Chu et al., 2008). Chlorpyrifos also 

inhibits bacterial populations in soil (Pandey and Singh, 2004; Shan et al., 2006; Fang et al., 

2009; Gilani et al., 2010). 

The major abiotic degradation product of chlorpyrifos is 3, 5, 6 trichloro-2 pyridinol 

(TCP) (Racke, 1993). TCP is moderately mobile due to its greater water solubility, which 

results in its wide spread contamination of soils, sediments and water (Li et al., 2007).  

Abiotic degradation of chlorpyrifos in soils (photodegradation, dissipation, runoff, 

hydrolysis, leaching and adsorption) has been reported by many researchers (Walia et al., 

1988; Redondo et al., 1997; Laabs et al., 2000; Liu et al., 2001; Moore et al., 2002;Yu et al., 

2006). The half-life of chlorpyrifos in soil varies from 60 to 120 days, but can range from 2 

weeks to more than one year.  This depends on different environmental factors, like soil 

moisture contents, temperature, pH, carbon content and type of formulation (Rigterink and 

Kenaga, 1966; Howard, 1991; Wauchope et al., 1992). 

Pesticides can be degraded in soil and water by abiotic and biotic means involving 

both chemical hydrolysis and microbial activity. Different physical, chemical and biological 

approaches are adapted to detoxify the pesticide contaminated environments. However, 

degradation by microorganisms is the primary mechanism of pesticide breakdown and 

detoxification in soils and water. Microorganisms may use pesticide as sources of C, N, P, S 

and energy. Biodegradation may introduce modification in structure and toxicological 

properties of pesticides (Alexander, 1999) and/or may result in mineralization of organic 

molecules into innocuous inorganic end products (Mueller et al., 1997). Microorganisms 

commonly exist in large populations in soil. When they are provided with adequate supplies 

of carbon, energy and environmental conditions conducive to their growth, their activity, 

especially the production of extracellular enzymes can significantly assist in the amelioration 

of contaminated sites. Microbial genes encode the degradative enzymes, which oxidize, 

reduce, dehalogenate, dealkylate, deaminate, and hydrolyze hazardous chemicals such as 

pesticides, in the soil environment Once a contaminant has been enzymatically transformed 
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to a less complex compound, it can further be metabolized using various pathways (Skipper, 

1998). 

Previously, unlike other organophosphates compounds, chlorpyrifos has been 

reported resistant to enhanced degradation due to the accumulation of its degradation 

product, TCP in soil which is antimicrobial in nature and inhibits the proliferation of 

microorganisms capable of chlorpyrifos degradation (Racke et al., 1990; Robertson et al., 

1998; Singh and Walker, 2006). Co-metabolic biodegradation of chlorpyrifos has also been 

reported in liquid culture by bacteria (Sethunathan and Yoshida, 1973; Serdar et al., 1982; 

Mallick et al., 1999; Horne et al., 2002). Now many bacterial and fungal species can degrade 

chlorpyrifos by using it as direct carbon and energy source (Bhagobaty et al., 2007). 

The wide range of soil and water environmental contamination with chlorpyrifos 

(EPA, 1997; Sapozhnikova et al., 2004; Yang et al., 2005) and organophosphate poisoning in 

Pakistan has created alarming situation. This has drawn the public interest to develop a 

reliable and cost-effective strategy to mitigate hazards of chlorpyrifos residual 

contaminations in soil and water environments. It has been suggested that microbial 

degradation is an environmental friendly and cost effective bioremedial technique (Racke et 

al., 1990; Bollag et al., 1994; Okeke et al., 1997). Although, microbial degradation is an 

important way of chlorpyrifos detoxification whereby we can clean up our environment from 

this pesticide, yet little work has been conducted so far in Pakistan on this subject. Therefore, 

being an appealing strategy, bioremediation is adopted to dissipate chlorpyrifos from polluted 

soil and water environments. Till recent years, the biodegradation of chlorpyrifos by soil 

bacteria belonging to different genera utilizing it as carbon and phosphorus sources has also 

been reported by some researchers (Singh et al., 2003; Yang et al., 2006; Li et al., 2007; 

Surekha et al., 2008; Xu et al., 2008; Anwar et al., 2009; Zhu et al., 2010; Kang Li et al., 

2011). Biodegradation of chlorpyrifos by fungal strains has also been reported by few 

researchers (Omar, 1998; Wang et al., 2005; Yu et al., 2006; Fang et al., 2008; Kulshestha 

and Kumari, 2011). 

The optimization and control of bioremediation processes is a complex system of many 

factors and the success of bioremediation depends on environmental factors (temperature, 

solar radiation, type of soil, pH, the presence of oxygen or other electron acceptors and 

nutrients), numbers and types of microorganisms present capable of degrading the pollutants 
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and the chemical structure of the target compound (Comeau et al., 1993; Hurst et al., 1997; 

Alexander, 1999; Vidali, 2001). The rate of degradation can be related to the nature of target 

compound and its solubility at different pH (Singleton, 2001). The bioavailability of 

chlorpyrifos for microbial conversion is low due to its low aqueous solubility and more 

adsorption on soil. This limits its biodegradation in aqueous and soil system (Volkering et 

al., 1998; Singh et al., 2003). The kinetics of chlorpyrifos degradation by microbial species 

could be helpful for developing bioremediation strategy for chlorpyrifos contaminated sites. 

Therefore, it is highly likely to establish a technology with optimal environmental factors for 

achieving effective bioremediation prior to its application in the field because in some cases, 

bioaugmentation in field for bioremediation of contaminated soils failed due to uncertainty in 

establishment of biotic and abiotic parameters necessary for microbial performance (Block et 

al., 1993; Morra, 1996). 

To devise a bioremedial strategy to remove chlorpyrifos residue from environment, a 

series of experiments was conducted with the following objectives: 

 Isolation of microbial strains from soils, capable of degrading chlorpyrifos. 

 Screening of microbial isolates for their efficiency to degrade chlorpyrifos in soil and 

water. 

 Characterization and identification of most effective chlorpyrifos degrading 

microbial strains. 

 Optimization of the environmental parameters for accelerated biodegradation of 

chlorpyrifos. 

 Study of biodegradation kinetics of chlorpyrifos. 
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REVIEW OF LITERATURE 
 

Chlorpyrifos is one of the most widely used organophosphate insecticides first 

developed in the 1930s by Germans. It was first introduced as an insecticide in 1965 in 

USA by Dow Chemicals (Worthing, 1979). It is a broad spectrum insecticide and 

effective against insect pests of economically important crops including grain crops, 

cotton, rice, sugarcane, vegetable crops, citrus fruits, banana, strawberry, house hold 

lawns and ornamental crops (Fang et al., 2006). 

It is a non-systemic insecticide which affects the nervous system of the target 

insects by inhibiting the activity of acetyl cholinesterase (Hui et al., 2010). As a result, 

acetylcholine (ACh) is accumulated at the neurone synapse which causes the death of the 

target insect (Goldstein et al., 1974). 

Excessive use of pesticides in agriculture has resulted in a number of 

environmental concerns including disruption of biogeochemical cycles and contamination 

of different components of the ecosystem (Singh et al., 2004). Several ecosystems over 

the world have been reported to be contaminated as a result of indiscriminate use of 

organophosphorus pesticides (McConnell et al., 1999; Cisar and Snyder, 2000; Singh and 

Walker, 2006). Chlorpyrifos residues have been detected even four and eight years after 

its application for termite treatment in sixteen houses in North Carolina (Wright et al., 

1988, 1991, 93, 94). The living organisms are exposed to pesticide residues in soil and 

water, resulting in a risk to ecological balance. 

The remediation of chlorpyrifos contaminated environment has become priority 

for the scientists to mitigate hazardous effects of this toxic chemical through cost 

effective approaches. One of the possible ways for the remediation of chlorpyrifos is its 

degradation which might take place through biotic as well as abiotic processes. There are 

a number of possible abiotic degradation treatments for chlorpyrifos remediation in the 

environment including chemical treatment, volatilization, photodecomposition and 

incineration (Smith, 1968; Sharom et al., 1980; Racke et al., 1996). However, most of 

them are not applicable for the diffused contamination with low concentration because of 

being expensive, less efficient and not always environmental friendly. There is a dire 

need to develop and use safe and economically viable methods for its remediation. In this 

context, several researchers have focused their attention to study the microbial 
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biodegradation which has been reported as a primary mechanism of pesticide dissipation 

from the water and soil environment (Cox et al., 1996; Pieuchot et al., 1996). 

  

2.1. Physico-chemical properties of chlorpyrifos 

Chlorpyrifos (C9H11Cl3NO3PS, MW 350.6 g mol-1) is an ester which is produced 

by the reaction of O,O-diethyl phosphorochlorodithioate and 3,5,6-trichloropyridin-2-ol 

(TCP) (Simon et al., 1998). The chemical structural of chlorpyrifos is shown in Fig. 2.1. 

It is not an ionic molecule and does not dissociate in water. It is slightly volatile having 

low vapour pressure (1.8 × 10-5 mm Hg). Its solubility in water is about 1.4 mg l-1 at 

20°C. It is readily soluble in organic solvents like octane, methanol etc (Worthing, 1979; 

Simon et al., 1998). Some of the physical and chemical properties of chlorpyrifos are 

summarized in Table. 2.1. 

Chlorpyrifos is relatively a hydrophobic molecule, which results in an extensive 

partitioning of this molecule into the organic environmental matrices. Due to this partition 

coefficient, chlorpyrifos is adsorbed on organic materials readily and thus its 

bioaccumulation in different living organisms is decreased (Frank et al., 1991). The 

commercial substances containing chlorpyrifos exist in liquid and solid formulations. 

Pollution of the water and soil with chlorpyrifos may originate from industrial release 

during the manufacturing processes (point contamination). It can also result from 

agricultural use (diffused contamination) and as a result of point contamination in 

farmyards. However, the agricultural use represents main source of pollution in the soil 

and water environment. Based on half-life, chlorpyrifos is considered as a persistent 

pesticide. The fate and behaviour of chlorpyrifos in soil was studied intensively due to its 

long persistence in soil environments and harmful impacts upon organisms (Vischetti et 

al., 2007; Fang et al., 2008; Vejares et al., 2010). Howard (1991) reported that the soil 

persistence of chlorpyrifos is between 60 and 120 days. However, chlorpyrifos was 

reported resistant to biodegradation when applied at termiticidal rates (half-life, 175–1576 

days) and for up to 5–17 years it remained effective in the environment (Racke et al., 

1994; Baskaran et al., 1999). 

Previous studies have indicated that persistence of chlorpyrifos depends on 

various factors including temperature, pH, soil, clay content, types of formulation and 

application rate (Racke, 1993; Gold et al., 1996). Chlorpyrifos has longer persistence at 

low temperatures (Racke, 1993). 
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Fig. 2.1. Structural formula of Chlorpyrifos 
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Table. 2.1. Physicochemical properties of chlorpyrifos. 

Characteristics of chlorpyrifos Reference 

Chemical name O, O-diethyl O-(3,5,6-trichloro-2-pyrdinyl)-
phosphorothioate 
 

Simon et al., 1998 

Chemical 
formula 
 

C9H11Cl3NO3PS Simon et al., 1998 

Molecular 
weight 
 

350.6 a.m.u. Simon et al., 1998 

Physical 
appearance 
 

White crystalline solid  Worthing, 1979 

Melting point 42 – 43.5 °C Worthing, 1979 

Vapour pressure 
 

1.8 × 10-5 mm Hg at 25 °C Worthing, 1979 

Henry's Law 
Constant 
 

2.9 × 10-6 atm m-3 mole at 25 °C PBT Profiler 

Solubility Water  0.002 g l-1 at 25°C  
           0.0014 g l-1 at 25°C 
           0.00105 g l-1 at 25°C 
Methanol 2500 g l-1 at 20oC 
Acetone >400 g l-1 at 20oC 
Dichloromethane >400 g l-1 at 20oC 
Ethyl Acetate >400 g l-1 at 20oC 
Toluene >400 g l-1 at 20oC 
n-Hexane >400 g l-1 at 20oC 

Kidd and James, 1991 ; 
Rack, 1993; 
Tomlin; 1994; 
DowAgro Sciences,  
2003; Worthing, 1979 

Partitioning 
coefficient 

Log Kow              4.96–5.11 

Log Kw               3.52 
                           3.78 soil slurry 
Log Koc              3.78 
 

Suntio et al., 1988 
Suntio et al., 1988 
Swann et al., 1983 
Suntio et al., 1988 

Half life pH 4.5, 25°C      77 days 
pH 6.0, 25°C       49 days 
pH 7.0, 15°C      100 days 
pH 8.0, 25°C      19 days 
pH 8.5, 4°C        27 days 

Chapman et al., 1982 
Chapman et al., 1982 
McCall et al., 1983 
Chapman et al., 1982 
Frank et al.,  1991 
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In Canada, chlorpyrifos residues were detected in carrot and radish fields two years after 

application and in soils of onion fields one year after application (Chapman and Harris, 

1980; Chapman et al., 1984)., The persistence of chlorpyrifos was found about one year 

in sand pine forest of Florida (Neary et al., 1988). Soil manuring and composting for the 

longer time also increased chlorpyrifos persistence (Somasundaram, 1987; Lemmon and 

Pylypiw, 1992). The first half-life in muck soil was longer at 8 weeks, and 13% remained 

unchanged after 24 weeks. Residues of TCP peaked at 39%, 8 weeks after treatment. 

Chlorpyrifos and TCP accounted for 9 and 3% after 1 year, declining to 3 and 0% after 2 

years, respectively (Chapman and Harris, 1980). 

 

2.2. Toxicology and ecotoxicology of chlorpyrifos 

Chlorpyrifos is categorized in toxicity class II and considered as moderately toxic 

compound (EPA, 2002). In recent years, its widespread application has led to the 

contamination of soil, air, ground water, rivers and lakes. A serious damage has also been 

reported by this compound to non-target species including endocrine disruption, birth 

defects, low birth weights, reduced head circumference, nervous system disorders and 

immune system abnormalities in human beings (Mohan et al., 2004; Yu et al., 2006; 

Furlong et al., 2006; Ranjan et al., 2007; Rauh et al., 2011). Usually, chlorpyrifos affects 

living organisms through direct dermal contact, contact with treated surfaces, ingestion of 

contaminated dust and/or by breathing air inside or outside treated buildings (Pesticide 

Action Network North America, 2006). It may also enter living bodies through food chain 

(Fenske et al., 2002). The mode of action of chlorpyrifos through cholinesterase 

inhibition has also been reported as a cause of potential toxicity in human being (Duirk 

and Collette, 2006). In animals, cholinesterase inhibition, twitching, rapid contractions of 

muscles, increased swallowing, rapid breathing and excessive salivation etc. are the 

distinctive signs of chlorpyrifos acute toxicity (NRA, 2000). Several studies have 

demonstrated that exposure to chlorpyrifos interferes not only with development of 

mammalian nervous system but also affects the cardiovascular and the respiratory 

systems (Aldridge et al., 2005; Slotkin et al.,  2005, 2006). Goel et al. (2005) reported 

that chlorpyrifos induces toxicity by altering the levels of enzymatic and non-enzymatic 

antioxidant defences. The oxidative stress in animals is induced by exposure to 

chlorpyrifos (Giordano et al., 2007; Buyukokuroglu et al., 2008). Similarly, 
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hyperglycaemia has been observed in a number of animals as a result of chlorpyrifos 

acute and sub chronic exposures (Abdollahi et al., 2004; Pourkhalili et al., 2009). 

Chlorpyrifos is also toxic to a variety of beneficial arthropods (NRA, 2000), 

amphibians (Cáceres et al., 2007), aquatic species (Palma et al., 2008), birds and plants 

(NCAP, 2000). Moreover, the use of chlorpyrifos in agro ecosystem decreases availability 

of nutrients like nitrogen and phosphorus content in soil (Sardar and Kole, 2005) by 

altering microbial activities and population. A few researchers (Shan et al., 2006; Fang et 

al., 2009; Gilani et al., 2010) have reported the inhibitory effects of chlorpyrifos on 

bacterial population in soils. Moreover, it was also observed that chlorpyrifos in 

combination with chlorothalonil had the inhibitory effect on soil microorganisms 

(Xiaoqiang et al., 2008). Recently, it was found that with the long term application of 

chlorpyrifos, the growth of some bacterial species like Klebsiella sp. was promoted, 

whereas Bacillus spp. were found to be sensitive to chlorpyrifos application (Gilani et al., 

2010). It has been observed that some metabolic products of chlorpyrifos are even more 

toxic than it. The primary metabolite of chlorpyrifos (TCP) has been found 2 to 3 times 

more toxic than chlorpyrifos to the developing embryos of chicks (Muscarella et al., 

1984). 

 

2.3. Behaviour of chlorpyrifos in the environment 

The fate of chlorpyrifos depends on many interacting processes such as 

volatilization, leaching, run off, sorption/desorption and degradation. Soil is considered as 

a source from which the pesticides can contaminate the air, water, plants, animals, food 

and ultimately the human populations through runoff, drainage, interflow and leaching. 

So, it also serves as filter and buffer for pesticides storage with the help of its organic 

carbon (Burauel and Bassmann, 2005; Abrahams, 2002; Tariq, 2007). The pesticides are 

distributed in the solid, liquid and gaseous phases in the vadose zone after their 

application depending upon the constants of adsorption, desorption and volatilization 

(Marino et al., 2002). The environmental fates of chlorpyrifos have been studied by a 

number of researchers (Barra et al., 1995; Cid Montanes et al., 1995; Halimah et al., 

2010). The fate of chlorpyrifos not only depends on its physico-chemical characteristics 

but also on that of soil, different environmental conditions and management practices. 

The processes by which the chlorpyrifos is dispersed in the environment following its 

application on the soil are discussed as follows. 
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2.3.1. Sorption/desorption 

Sorption-desorption phenomena of pesticides determine their bioactivity, 

leachability, bioavailability and degradability in soil environment as well as directing 

their distribution throughout the soil profile. It is well documented that a large part of the 

pesticides applied to the field is retained by the soil solid phase due to adsorption. The 

intensity and reversibility of pesticides adsorption on soil components are variable 

depending on physico-chemical properties of the soil and pesticides. Sorption desorption 

phenomena is significantly affected by pH, temperature, soil particle size distribution, 

organic matter content and moisture contents in soil (Gavrilescu, 2005; Katagi, 2006; 

Nkedi-Kizza  et al., 2006; Wang et al., 2006b). Soil organic matter and pH are considered 

as the leading factors responsible for the sorption of chlorpyrifos and its metabolic 

product TCP. Due to non polar nature, moderately high partition coefficients have been 

determined for chlorpyrifos, indicating its tendency to associate strongly with organic 

materials in the environment. Its octanol-water coefficient (Kow) of 50,000 indicates that 

it is strongly sorbed by the soil organic matter. Its affinity for soil is also indicated by a 

Koc measurement (6,000-8,000), having a low partitioning by desorption from soil matter 

to soil water. It is a relatively immobile in soil, remaining bound to non polar colloidal 

fractions. The strong adsorption to soil results in limited surface runoff potential in 

agricultural settings. Similarly, sorption of chlorpyrifos was much higher (about 100 

times) than TCP in the surface soil but it decreased with the soil depth. The chlorpyrifos 

sorption on soils and sediments was studied by a number of researchers (Macalady and 

Wolfe, 1985; Baskaran et al., 2003; Wu and Laird, 2004). Due to having an intermediate 

vapour pressure and relatively high sorption coefficient, chlorpyrifos is strongly adsorbed 

by soils and sediments (Racke, 1993; Racke et al., 1994). Chlorpyrifos is lipophilic in 

nature so, degree of adsorption is greater in organic soils than sandy loam soils (Sharom 

et al., 1980). Racke (1993) found that chlorpyrifos has a very low water solubility (1.4 

mg l-1), but its solubility is more in organic solvents. Wu and Laird (2004) investigated 

that adsorption–desorption behaviour of chlorpyrifos in aqueous systems is affected by 

the nature of both inorganic and organic materials in suspended sediment.  

 

2.3.2. Volatilization 

The primary route of loss of chlorpyrifos from soil and water is probably 

volatilization and it has been reported that up to 90% applied pesticides is lost in the 

environment (Leistra et al., 2006).  The volatilization of pesticides is greater from plant 
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surfaces than from the soil. Volatilization of pesticides depends on climatic conditions 

and the physico-chemical characteristics of the compound. The environmental conditions 

along with management practices are main factors that affect volatilization during the first 

few days after the treatment (Bedos et al., 2002). That is why a significant portion of 

these pesticides during their application is diffused into the surrounding environment. 

Spencer et al. (1973) investigated that when pesticides are applied to soil, they 

volatilize as a result of adsorption-desorption interaction between organic matter into the 

solution phase and the chemicals from soil particles, and diffusion and convection at the 

atmosphere interface. The volatilization rate of chlorpyrifos was higher in the first 8 days 

after application from sand and silt loam soil, whereas applied chlorpyrifos volatilized 

one month after application at the rate of 2.6 and 9.3% (Racke, 1993). During a period of 

26 days, about one-half of the chlorpyrifos was volatilized from no-till surface soils and 

from foliage volatilization is more obvious as compared with from soil surfaces within 

24-48 hours (Whang et al., 1993). 

Transportation of chlorpyrifos into non-target areas is also caused by spray drift 

and aerial application generates the highest levels of drift. Atmospheric stability and 

associated inversions are the other key factors that give rise to excessive drift (NRA, 

2000). 

 

2.3.3. Leaching and runoff 

Contamination of ground water resources by pesticides is also due to leaching into 

aquifer regions and through the soils. The leaching potential of pesticides in the soil is 

influenced by the soil organic matter content, adsorption of pesticides by soil particles, 

volume of leachate, pH and the solubility of compound applied. Soil type also determines 

the degree of leaching (Crisanto et al., 2000). Leaching through the soil profile takes 

place mainly by the moving water through macro pores into the soil medium (Spliid et 

al., 2006). The mobility of pesticide is greater in sandy loam soil because of its lower 

adsorption, thereby contributing to faster downward movement (Ismail et al., 2004).  

However, biodegradation processes and preferential flow influence the leaching of the 

pesticides through the soil profile (Briceno et al., 2007; Sander and Gerke, 2007). The 

mechanism by which water and other solutes move down the soil profile through soil 

macro pores is preferential flow. Other factors like geometry, size and distribution of 

macro pores also direct preferential flow. 
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The cleanup of polluted ground water may be complex and very costly and it may 

take several years to cleaned up or dissipate toxic chemicals from this polluted 

groundwater (O’Neil, 1998; EPA, 2001). Under field conditions, the half-life of less than 

60 days for chlorpyrifos has been reported with little or no leaching (EPA, 2006). It was 

further investigated in column leaching studies on four soils that chlorpyrifos is immobile 

in soils, but the leaching of its main transformation product TCP from aged samples has 

been reported to be significant in one soil (NRA, 2000). TCP being a charged species at 

neutral pH has a greater leaching potential than its parent compound into surface and 

ground waters due to lower adsorption and more persistence (Simon et al., 1998; 

Baskaran et al., 2003). Kotoula-Syka et al. (1993) reported that more leaching occurred at 

higher concentration of insecticide applied. Chlorpyrifos residues were detected at top 10 

and 10-20 cm depths in the soil for up to five and seven days after treatment when applied 

at the recommended dosages, respectively (Halimah et al., 2010). 

Surface runoff also plays an important role in the movement of pesticides from 

agricultural fields to the surrounding environment. Most of the pesticides move frequently 

with water and contaminate surrounding water bodies (Oliver and Kookana, 2006). The 

pesticides transport along with outgoing water runoff depends on hydrodynamics of the 

system, the nature of the compounds in an aqueous environment and other soil factors 

(Larson et al., 1997; Connolly et al., 2001). The surface runoff pathway is particularly 

important during periods of intense rainfall. Contamination of surface water with 

chlorpyrifos via spray drifts at the time of application or as runoff up to several months 

after application has been reported (EPA, 2006). 

 

2.3.4. Degradation 

Degradation of pesticides in the environment is a highly complex process affected 

by different biological and physico-chemical factors to a variable extent (Lu et al., 2006). 

Extensive research has revealed that various factors influence the effectiveness of 

pesticide degradation and the most of the technologies of remediation have been based on 

the application of the best suitable pathway of degradation. Organophosphates have 

relatively fast degradation rate so, they are considered as safe for crop use. The 

degradation rate of organophosphates varies as a function of microbial components, pH, 

temperature, hydrolysis, photolysis and other factors. Ragnarsdottiv (2000) reported that 

the hydrolysis half-life of an organophosphate pesticide is 10 days in the lab conditions 

and it increases to one year if the temperature is 5°C and pH is 6. The data recorded after 
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6 and 12 months for chlorpyrifos belonging to organophosphorus group showed that it 

remained stable even after one year in the soil. No degradation was found in this pesticide 

as 100% recovery of the active ingredient was obtained in all the six treatments kept up to 

one year (Gilani et al., 2010). The initial concentration of chlorpyrifos affects the rate of 

degradation of this pesticide in soil. At higher initial soil concentration, the degradation 

rates (expressed as DT50) are slower (Murray et al., 2001). Racke et al. (1994) 

investigated the degradation of chlorpyrifos in five urban soils from the USA soil and 

concluded that moisture, temperature and applied concentration significantly effected the 

degradation. Singh et al. (2002) in their study about chlorpyrifos, fenamiphos and 

chlorothalonil degradation in soil reported that when chlorpyrifos applied in combination, 

the presence of chlorothalonil reduced the degradation rate of both chlorpyrifos and 

fenamiphos. However, degradation rate of chlorpyrifos was not modified by its repeated 

application, whereas repeated applications of fenamiphos and chlorothalonil suppressed 

their own degradation rates. To investigate the influence of chlorothalonil on chlorpyrifos 

degradation in laboratory study it was observed that combination chlorpyrifos with 

chlorothalonil did not alter its degradation rate significantly (Chu et al., 2008). 

Cink and Coats (1993) reported that degradation of chlorpyrifos in an urban Iowa 

soil (pH 7.8) was significantly affected by soil moisture, temperature and the applied 

pesticide concentration. Baskaran et al. (1999) reported that the degradation of three 

insecticides chlorpyrifos, imidacloprid and bifenthrin  differed widely in their degradation 

behaviour during the two-year study period when applied at termiticidal application rates 

in a red brown earth soil and two bedding materials (sand-dolomite and quarry sand). 

Accumulation of TCP was observed due to the rapid rate of degradation of chlorpyrifos 

and alkaline hydrolysis was the dominant pathway for chlorpyrifos transformation. 

Baskaran et al. (2003) reported that soil depth has marked effect on the rate of 

degradation of chlorpyrifos. The time required for 50% loss of chlorpyrifos (DT50) was 

longer in the surface soils (acidic pH) than in subsurface (alkaline pH). In subsurface, the 

degradation was due to abiotic hydrolysis. The hydrolytic reaction was the primary route 

for chlorpyrifos dissipation and in sediments, chlorpyrifos is comparatively resistant to 

degradation (Kale et al., 1999). Under anaerobic conditions, the half life of chlorpyrifos 

was 39 to 51 days in loamy and clay soils, but 150 to 200 days in anaerobic pond 

sediments (Racke, 1993).  Chlorpyrifos degradation rate is more in all air-dry soils than 

soils at field capacity and/or under submerged conditions. Clay-catalyzed hydrolysis 

under air-dry conditions and neutral or alkaline hydrolysis under submerged conditions 
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affected the degradation rates. Bellary soil (chromic haplustert) had faster degradation 

rate than Chettalli soil (ustic palehumult) under three different moisture regimes. At an 

application rate of 10 mg kg-1, the calculated half-lives ranged from 1·6 to 10·0, 5·2 to 

22·0 and 8·7 to 25·1 days under air-dry, field capacity and submergence respectively 

(Awasthi and Prakash, 1997). 

 

2.3.4.1. Abiotic degradation 

Chemical and physical transformations of the pesticide by processes like 

photolysis, hydrolysis, oxidation, reduction and rearrangements are involved in abiotic 

degradation. Several studies have shown abiotic degradation of chlorpyrifos by chemical 

hydrolysis or photolysis (Getzin, 1981; Racke et al, 1996). In laboratory studies, it has 

been observed that under neutral conditions, hydrolysis and photolysis occur at moderate 

rates. Degradation often proceeds significantly faster in natural water samples than pond 

and canal water samples with a 16-fold increase in hydrolysis rate. In soil and sediments, 

dissipation rates observed are almost similar (Dow Agro Sciences, 1998-2011). 

Phototransformation of pesticides is a key factor in their environmental behaviour. 

Walia et al. (1988) demonstrated that three different photochemical processes (hydrolysis, 

dechlorination, and oxidation) take place simultaneously when chlorpyrifos may undergo 

degradation on the surface of soils by photo-induced reactions. In outdoor environment, 

chlorpyrifos may under go rapid degradation due to contribution of sunlight, water, and/or 

soil microorganisms than indoor environments where it can persist for several months. 

Chlorpyrifos may be exposed to either direct or indirect photodegradation. (Zepp and 

Schlotzhauer, 1983). In water, the major route of dissipation for chlorpyrifos is not the 

photodegradation (EPA, 1999). Smith (1968) reported that when chlorpyrifos is exposed 

to sunlight or ultraviolet light, TCP is formed due to photolysis in water. Further 

decomposition of hydrolysis product by ultraviolet light forms diols, triols and tetraols 

that change to carbon dioxide by oxidation. Although it is expected that degradation is 

faster at higher temperatures but there is, however, no difference in the degradation rates 

of the parent compound between light and dark storage conditions (Frank et al., 1991). 

Direct photodegradation has been shown not to be efficient systems for the degradation of 

chlorpyrifos. Therefore the catalytic photodegradation becomes necessary. The 

photocatalytic activity increases with an increase in catalyst concentration, and then it 

reaches an optimum value. At a concentration greater than the optimum, the activity 

decreased. The rate of catalytic photodegradation of chlorpyrifos was reported to be lower 
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in natural water (ground water, lake water, river water and drinking water) samples than 

that in distilled water (Muhammad, 2010). 

The hydrolysis of chlorpyrifos is an important process. Two mechanisms of 

chlorpyrifos hydrolysis such as neutral hydrolysis and alkaline hydrolysis may occur. The 

hydrolysis rate of chlorpyrifos is pH dependent. Hydrolysis rates increase rapidly at pH 

from 7.5-8.0 (Macalady and Wolfe, 1983; Meikle and Youngson, 1978). During the 

hydrolytic processes, there are three bonds (two tertiary alkyl ester bonds and one 

phosphate ester bond) in the chlorpyrifos molecule that are subjected to cleavage. O,O-

diethyl phosphorothioic acid and TCP were the major metabolites of chlorpyrifos 

hydrolysis in aqueous/polar solvent mixtures and aqueous buffers at pH range of 9 to 13 

(Macalady and Wolfe, 1983). Singh et al. (2003) reported that degradation of chlorpyrifos 

was pH dependent as it was very slow in acidic soils but with an increase in soil pH, rate 

of degradation increased considerably.  However, the importance of the hydrolytic 

mechanism has not been delineated in soils (Miles and Harris, 1979). Upon entering 

aquatic environments, chlorpyrifos degradation is associated with abiotic hydrolysis, 

photolysis and microbial degradation (Korth et al., 1995). The hydrolysis of chlorpyrifos 

was investigated at different temperature and pH conditions in buffered aqueous media 

(Hui et al, 2010). The rate of degradation increased as the pH increased. Half-life and rate 

constant calculations shown that in acidic medium, chlorpyrifos was relatively stable. The 

half-life of chlorpyrifos in aqueous solutions was short (half-lives ranged from 4.57 to 

14.0 days), depending on the type of the aqueous solutions and the initial concentration of 

chlorpyrifos. The hydrolysis of chlorpyrifos in water follows first-order kinetics. The 

degradation rate was slower in the 0.02M CaCl2 solution containing higher initial 

concentration of chlorpyrifos. Comparison between hydrolysis rate of chlorpyrifos in 

sterilized and non-sterilized water did not showed significant contribution of 

biodegradation component. So, pH alone cannot be used to predict hydrolysis of 

chlorpyrifos as a single parameter (Hui et al., 2010). Racke et al. (1996) observed that 

hydrolysis is the major degradation pathway in some alkaline soils and there is strongest 

association between hydrolytic rate constants and soil pH. They have also observed the 

complex nature of the hydrolytic breakdown of chlorpyrifos in soil. When chlorpyrifos 

enters in the aquatic compartment, hydrolysis is the main transformation pathways for 

degradation of chlorpyrifos which may occur at several reactive sites in the pesticide 

molecule (Zamy et al., 2004). 
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2.3.4.2. Biotic degradation 

Biotic degradation is a common process for the removal of organic pollutants 

because of its low cost and less collateral destruction of indigenous organisms (Mackay 

and Frazar, 2000; Liu et al., 2007). Biotic degradation involves the use of mainly 

microorganisms, plants or their enzymes to detoxify contaminants in the soil and water 

environments. Most forms of living organisms are capable of directly interacting with 

pollutants, and some of them are capable of metabolizing even very recalcitrant 

pollutants. Biotic degradation is further characterized in to two types: 

 Microbial degradation 

 Phytodgeradation 

2.3.4.2.1. Microbial degradation 

Degradation by microorganisms is considered a key factor in determining the fate 

of organophosphate insecticides (Surekha et al., 2008; Nawaz et al., 2011). 

Microorganisms have unique ability to degrade and completely mineralize many 

heterocyclic, aliphatic and aromatic compounds (Singh and Walker, 2006). Oxidative 

(hydroxylation, dealkylation, β-oxidation, decarboxylation, ether cleavage, epoxidation, 

oxidative coupling and aromatic ring cleavage), reductive (reductive dehalogenation, 

reduction of nitro group and reduction of double and triple bond) and/or hydrolytic (ether 

hydrolysis, ester hydrolysis, amide hydrolysis and hydrolytic dehalogenation) reactions 

are the major processes involved in the microbial metabolism or microbial degradation 

(Hickey, 1998; Alexander, 1999). 

Previously, chlorpyrifos has been reported to be resistant to biodegradation due to 

the accumulation of the antimicrobial metabolite in soil (Robertson et al., 1998). 

Pesticides do not under go enhanced degradation due to different reasons. One reason is, 

microbial population fail to start degradation due to the steric hindrance of enzymes by 

functional groups, lack of weak links in the molecule or electronic stability against 

hydrolysis (Racke et al., 1990; Alexander, 1965; Niemi et al., 1987). Bioavailability of 

pesticide may also be less due to their sorption in soil (Orgam et al., 1985). However, 

these reasons cannot be true because in alkaline soils chlorpyrifos may undergo enhanced 

degradation due to soil bacteria. The second reason is that the soil environmental 

conditions may not be conducive for enhanced degradation process. A third reason is that 

sometimes microorganisms in soil cannot utilize pesticide metabolites as a direct carbon 

source. In such situation co metabolism may occur. 
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Recently, many researchers have reported that microorganisms have a great 

potential to degrade organophosphate insecticides (Lakshmi et al., 2008; Surekha  et al., 

2008; Xu et al., 2008; Anwar et al., 2009; Cycon, 2009; Cabrera et al., 2010; Zhu et al., 

2010; Cabrera, 2010; Abo-Amer, 2011). Both fungi and bacteria are capable of degrading 

chlorpyrifos efficiently (Table 2.2). In contaminated sites, autochthonous microbial 

populations are evolved over the time (Pahm and Alexander, 1993). To isolate and find 

microbial strains capable of degrading organophosphate compounds, contaminated sites 

are the most suitable ecological niches (Horne et al., 2002). Previously, it was difficult to 

isolate chlorpyrifos-degrading bacteria from contaminated sites (Mallick, 1999; Racke et 

al., 1990). Many researchers made attempts to isolate chlorpyrifos-degrading bacteria but 

there has been no report of enhanced degradation of chlorpyrifos since its first use in 

1965 unlike other organophosphates. It was further reported that TCP accumulate in soil 

as an antimicrobial agent which prevents the proliferation of chlorpyrifos degrading 

microorganisms (Racke et al., 1990). 

In liquid media, chlorpyrifos was shown to be degraded co metabolically by 

bacteria Flavobacterium sp. and Pseudomonas diminuta which were initially isolated 

from a diazinon treated fields (Serdar et al., 1982; Mallick et al., 1999; Horne et al., 

2002). However, these microbes did not catabolize chlorpyrifos. The first bacterial strain 

capable of degrading organophosphate compound- was isolated in Philippines in 1973 

from a paddy field (Sethunathan and Yoshida, 1973). Since then, different bacterial 

strains belonging to a broad range of genera have been isolated and characterized for 

biodegradation of chlorpyrifos. These are summarized in the Table 2.2 as Pseudomonas 

(Serdar et al., 1982), Enterobacter (Singh et al., 2003), Flavobacterium (Mallick et al.  

(1999), Alcaligenes (Yang et al., 2005), Stenotrophomonas (Yang et al., 2006), 

Sphingomonas (Li et al., 2007), Klebsiella (Ghanem et al., 2007), Providencia (Surekha 

et al., 2008), Serratia (Xu et al., 2007), Bacillus (Zhu et al., 2010) and Paracoccus (Li et 

al., 2011). Among the different bacterial isolates, some of the bacterial strains including 

Serratia sp. ( Xu et al. 2007) and Paracoccus sp. (Li et al., 2011) were found to 

completely mineralize chlorpyrifos. Environmental conditions are very crucial for 

isolation and selection of strains not only with the specific degradation pathway 

mechanisms but also with the desired degradative enzymes systems (Kertesz et al., 1994). 

In case of fungi, degradation of chlorpyrifos occurs extracellularly (Nawaz et al., 2011). 
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Table. 2.2. Biodegradation of chlorpyrifos by isolated microorganisms  

Microorganisms 

 

Mode of degradation References 

Bacteria 

Pseudomonas diminuta Co-metabolic Serdar et al. (1982) 

Micrococcus sp. Co-metabolic Guha et al. (1997) 

Flavobacterium sp. TCC27551  Co-metabolic  Mallick et al. (1999) 

Enterobacter sp. Catabolic (C, P)  Singh et al. (2003c) 

Alcaligenes faecalis Catabolic (C, P) Yang et al. (2005) 

Stenotrophomonas sp.  Catabolic (C, P) Yang et al. (2006) 

Sphingomonas,  Catabolic Li et al.     ( 2007) 

Serratia  Catabolic  Xu et al. (2007) 

Klebsiella  Catabolic Ghanem et al. (2007) 

Providencia  Catabolic Surekha et al. (2008) 

Pseudomonas Catabolic Bhagobaty and Abdulmalik, (2008) 

Paracoccus  Catabolic Xu et al. (2008) 

Pseudomonas aeroginosa Catabolic Lakshmi et al. (2008) 

Pseudomonas aeroginosa Catabolic Fulekar and Geetha (2008) 

Bacillus pumilus Catabolic/ Co-

metabolic 

Anwar et al. (2009) 

Bacillus licheniformis Catabolic Zhu et al. (2010) 

Paracoccus Catabolic Li et al. (2011) 

Fungi  

Catabolic (C)  

 

Bumpus et al. (1993) Phanerochaete chrysosporium 

Trichoderma harzianum  Catabolic (P) Omar (1998) 

Pencillium brevicompactum  Catabolic (P) Omar (1998) 

Hypholama fascicularae  ND Bending et al. (2002) 

Coriolus versicolor  ND Bending et al. (2002) 

Aspergillus sp.  Catabolic (P) Obojska et al. (2002) 

Fusarium sp.  Catabolic Wang et al. (2005) 

Trichosporon sp.  Catabolic Xu et al. (2007) 

Verticillium sp. Catabolic Fang et al. (2008) 

Acremonium sp. Catabolic Kulshestha and Kumari (2011) 
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White-rot fungi, possess a powerful extracellular enzyme (peroxidase or ligninolytic 

enzymes, predominantly lignin peroxidase (LiP), manganese peroxidase (MnP) and 

laccase) that acts on a broad array of organic compounds and has the ability to attack 

wood (Cameron et al., 2000). The white-rot fungi has biodegradative capacity for a wide 

range of xenobiotic compounds due to presence of non-specific enzyme system (Kuhad et 

al., 1997; Singh et al., 1999; Singh and Kuhad, 1999, 2000). This fungus produces 

peroxidase enzyme that together with H2O2 catalyzes a reaction that cleaves a surprising 

number of compounds. Several species of Trichoderma harzianum Aspergillus,and 

Penicillium brevicompactum were reported to catabolize chlorpyrifos (Omar, 1998). A 

pure fungal strain Acremonium sp. was identified by Kulshestha and Kumari (2010) 

which degraded chlorpyrifos (300 mg l-1) to 83.9% within 7 days in nutrient rich medium. 

Chlorpyrifos in pure cultures and soil could be degraded by Fusarium sp. (Wang et al., 

2005). Yu et al. (2006) investigated the degradation of chlorpyrifos by the fungal strain 

Verticillium sp. DSP. 

2.3.4.2.2. Phytodgeradation 

Phytoremediation is an environmental friendly approach for the remediation of 

contaminated environments. Plant root systems have unique properties of selective uptake 

together with the translocation, bioaccumulation, storage and also the degradation 

abilities. Moreover, plants facilitate the degradation of contaminant by creating a 

favourable microenvironment around their root-zone. This phyto-technology degrades 

malathion and dimethoate during cultivation periods by using Nasturtium officinale, 

Amaranthus caudate, Lactuca sativa, and Phaseolus vulgaris (Fahd and Ahmed, 2009). 

The impact of the rhizosphere on pesticide degradation was assesed by few researchers 

(Shann and Boyle, 1994; Perkovich et al., 1995; Zablotowicz et al., 1994; 1997b). 

Prasertsup and  Ariyakanon (2011) investigated under laboratory greenhouse conditions, 

the potential of water lettuce (Pistia stratiotes L.) and duckweed (Lemna minor L.) to 

remove chlorpyrifos in water. Korade and Fulekar (2009) reported that the ryegrass in 

mycorrhizal soil has potential for chlorpyrifos bioremediation. This bioremediation of 

chlorpyrifos in soil is credited to the microorganisms present in rhizosphere. Therefore 

the microorganisms surviving in the rhizospheric soil spiked at the highest concentration 

(100 mg kg-1) were used for isolation of chlorpyrifos degrading microorganisms. Lee et 

al. (2012) while working on phytoremediation  by willow (Salix sp.) and poplar (Populus 



Chapter 2 

23 
 

sp.) investigated for the first time the plant potential for uptake of chlorpyrifos and its  

further metabolism in plant tissue. 

Due to recent advances in biotechnology, toxic organic substances can be 

degraded in an effective way by engineered bacterial strains that express specific 

enzymes. However, the promising approach for remediation of contaminated 

environmental sites is by genetic engineering of endophytic as well as rhizospheric 

bacteria along with transgenic plants (McGuiness and Dowling, 2009).  

 

2.4. Perspective of bioremediation of chlorpyrifos in soil and water  
       environments 
 
2.4.1. Biodegradation of chlorpyrifos in soil 
  

Chlorpyrifos is a significant threat to environment and public health as it can 

persist for longer periods in soil due to its slow rate of degradation (Kulshrestha and 

Kumari, 2011).  Soil microflora is a potential candidate for detoxification of pesticides. 

Several researchers have reported that pesticide-polluted soils can be decontaminated by 

inoculation with specifically adapted microorganisms (Yasouri, 2006; Sorensen et al., 

2008; Cabrera, 2010; Abo-Amer, 2011). The bacteria have been isolated from different 

sources capable of accelerated biodegradation of chlorpyrifos in soil (Singh et al., 2004; 

Fang et al., 2008; Lakshmi et al., 2008; Zhu et al., 2010). Singh et al. (2004) reported that 

the inoculation of bacterial strain (Enterobacter B-14) with a low indigenous population 

(106 cells g-1) to soil (treated with 35 mg of chlorpyrifos kg-1) resulted in a higher 

degradation rate as compared to non-inoculated soils. Similarly, Yang et al. (2005) 

reported that degradation potential of strain DSP3 (Alcaligenes  faecalis) in soil with 100 

mg kg-1 chlorpyrifos. Different degradation rates of chlorpyrifos in six types of treated 

soils suggested that soils used for cabbage growing in combination with inoculation of 

strain DSP3 showed enhanced chlorpyrifos biodegradation. In another study, Yang et al. 

(2006) isolated bacterial strain (YC-1) belonging to genus Stenotrophomonas from the 

wastewater sludge. This isolate can catabolize chlorpyrifos as the sole source of carbon 

and phosphorus and has capability to hydrolyzed chlorpyrifos to 3,5,6-trichloro-2-

pyridinol. It can also degradate other organophosphates like methyl parathion, parathion 

and fenitrothion. Li et al. (2007) isolated a bacterium Sphingomonas sp. capable of 

hydrolyzing chlorpyrifos to 3,5,6-trichloro-2-pyridinol. The inoculation of this bacterium 

to soil resulted in 90 % degradation of 100 mg chlorpyrifos emulsion kg-1 soil within 
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seven days. In another study, they isolated seven chlorpyrifos-degrading bacterial strains, 

namely Dsp-1 to Dsp-7 (Li et al., 2008). Strain Dsp-1 belongs to Pseudomonas genus had 

the highest degrading rate, up to 98%. Lakshmi et al. (2008) studied the 

biotransformation of chlorpyrifos in contaminated soils with P. fluorescence, B. 

melitensis, B. subtilis and P. aeroginosa individually up to 30 days. Biodegradation 

observed was 89%, 87%, 85% and 92%, respectively as compared to control which was 

34%. A bacterium belonging to genus Paracoccus, isolated from activated sludge could 

degrade chlorpyrifos and its metabolite TCP (Xu et al., 2008). This bacterium could also 

degrade carbofuran, pyridine and methyl parathion using them as sole carbon and energy 

sources. Zhu et al. (2010) isolated a bacterium ZHU-1 from soil capable of utilizing 

chlorpyrifos as the sole carbon and energy source as Bacillus licheniformis. The 

inoculation of ZHU-1 to chlorpyrifos spiked soil resulted in a higher degradation rate than 

noninoculated soils. The degradation rate of chlorpyrifos (100 mg kg-1) could reach 99% 

or above after 14 days. 

Like bacteria, the biodegradation potential of a fungal strain Verticillium sp. DSP 

was also examined (Fang et al., 2008) in chlorpyrifos contaminated soils. It was observed 

that it degraded chlorpyrifos significantly. Chlorpyrifos degradation rates in inoculated 

soils were 3.61, 1.50 and 1.10 times faster in comparison with the sterilized soil. The 

authors concluded that in chlorpyrifos contaminated soil; this strain could be used for in 

situ or on-site bioremediation.  

2.4.2. Biodegradation of chlorpyrifos in Water 

Biodegradation of chlorpyrifos in water is of high significance because of its 

toxicity to aquatic animals and complex nature of persistent metabolites. The metabolic 

product like TCP is formed, which is not only more persistent than chlorpyrifos but also 

limit the biodegradation of chlorpyrifos in the aquatic environment. However, reports are 

available indicating the complete biodegradation of this toxic compound in broth culture 

(Xu et al. 2008). A bacterial strain Alcaligenes faecalis DSP3 was isolated from 

contaminated soils by enrichment culture technique by Yang et al. (2005). The role of 

strain DSP3 in the degradation of chlorpyrifos and its metabolite, TCP under different 

culture conditions was examined. In liquid culture, this strain almost completely degraded 

chlorpyrifos and TCP within 10 days. Li et al. (2008) tested degrading abilities of the 

seven strains in broth culture. The rate of degradation varied from 37 mg l-1 d-1 to 100 mg 

l-1 d-1. Out of seven strains, Dsp-2 degraded chlorpyrifos (100 mg l-1) to an undetectable 

level in 24 hours and thus showed the fastest degradation rate. Ghanem et al. (2007) 
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studied the role of Klebsiella sp. in the biodegradation of chlorpyrifos in activated sludge 

samples. This strain could breakdown 92 % of chlorpyrifos by using it as a carbon source 

when co-incubated in poor mineral medium (13.9 g l-1 poor medium). Surekha et al. 

(2008) isolated and identified a bacterium strain MS09 as Providencia stuartii capable of 

utilizing chlorpyrifos as sole carbon source. It was observed that bacterial growth 

increased significantly at low concentration of chlorpyrifos (50 mg l-1), whereas a lag 

phase was prolonged without inhibiting growth of bacterium at higher concentrations 

(300−700 mg l-1). Similarly, Madhuri and Rangaswamy (2009) isolated Bacillus and 

Pseudomonas to degrade organophosphates like chlorpyrifos, phorate, dichlorvos, methyl 

parathion and methomyl (40 mg l-1) insecticides in mineral salts medium. A Micrococcus 

sp. that was isolated from a malathion enriched soil was reported to degrade chlorpyrifos 

in liquid media (Guha et al., 1997). Singh et al. (2003) isolated an Enterobacter sp. from 

from Australian soil showing enhanced degradation of chlorpyrifos. This bacterium can 

degraded chlorpyrifos in liquid medium and tolerate TCP at high concentration. Anwar et 

al. (2009) isolated a bacterial strain C2A1 from soil, identified as Bacillus pumilus 

capable of degrading chlorpyrifos and its metabolite TCP. Shelton (1988) isolated a 

consortium that could use DETP as a carbon source but when presented as source of 

phosphorus or sulphur it was unable to degrade it. Several bacteria were isolated by Cook 

et al. (1978a and b) from sewage sludge able to use alkyl dialkylthiophosphonic acid as a 

sole source of phosphorus.  

In a study regarding mineralization of chlorpyrifos by co-culture, Xu et al. (2007) 

documented that chlorpyrifos could be transformed to its metabolite TCP, by bacterial 

strain, Serratia sp. and further mineralized by the  fungal strain (Trichosporon sp.). This 

fungus could degrade 50 mg chlorpyrifos l-1 within 7 days but complete mineralization of 

50 mg chlorpyrifos l-1 occur by co-cultures within 18 hours at 30°C and pH 8, using total 

inocula of 0.15 g biomass l-1. The degradation study on chlorpyrifos conducted by Xu et 

al. (2008) revealed that Paracoccus sp. strain TRP completely mineralized chlorpyrifos 

without accumulation of persistent metabolite. This strain could utilize chlorpyrifos and 

TCP as the sole carbon, nitrogen and phosphorus source. Similarly Li et al. (2011) 

reported that Paracoccus sp. strain TRP was able to completely degrade chlorpyrifos and 

TCP. Cho et al. (2009) reported the role of bacteria in the degradation of the 

organophosphorus (OP) insecticide, chlorpyrifos (CP) during kimchi fermentation. Four 

CP-degrading lactic acid bacteria (LAB) (Leuconostoc  mesenteroides WCP907, 
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Lactobacillus brevis WCP902, Lactobacillus plantarum WCP931, and Lactobacillus 

sakei WCP904 could utilize chlorpyrifos  as the sole source of carbon and phosphorus. 

Kulshrestha and Kumari.(2011) reported that degradation rate in nutrient rich 

medium as well as in poor medium. The capacity of Acremonium sp. to rapidly degrade 

chlorpyrifos with full carbon and nitrogen source (nutrient rich medium) promised by 

cometabolism. This Acremonium strain was also able to degrade high initial concentration 

(300 mg l−1) of chlorpyrifos 

 

2.4.3. Genes and enzymes involved in biodegradation of chlorpyrifos  

To clean and remove pesticide residues from soil and water system, both 

microorganisms and enzymes are efficient and available in the environment. Studies have 

been conducted to investigate the genes and enzymes which are responsible for cleavage 

of specific functional groups which impart toxification to the pesticides. In most of the 

bacteria, the biochemistry of degradation of organophosphates seems to be alike, in which 

the first step of the degradation is catalyzed by a structurally analogous enzyme called 

phosphotriesterase or organophosphate hydrolase. In bioremediation of organophosphate 

insecticides and many nerve agents, the organophosphate hydrolase enzym (OPH) having 

broad substrate profile and is thought to be the best enzyme. It has ability to hydrolyze at 

a rate close to the diffusion limits in organophosphate compounds (Dumas et al., 1989; 

Scanlan, 1995) and thus reduces the mammalian toxicity to the larger extent. It is also 

considered the ideal enzyme of the phosphotriesterases (Mulbry, 1992; Cheng, 1993).  

OPH enzyme in microorganisms has the ability to cleave the P–F, P–O, and/or P–

S bonds in pesticides for their effective degradation (Ang et al., 2005). The OPH 

effectiveness depends on type of substrate or it is substrate specific. For example, 

hydrolase enzyme is specific for substrate, paraoxon but for other organophosphate 

pesticides like methyl parathion, diazinon and chlorpyrifos the efficiency to hydrolyze 

them is 30–1000 times decreased (Dumas et al., 1989). The main reason for persistence 

the organophosphate in environment is their inefficient degradation due to low uptake by 

the microbial cells of these substrates. Thus the contact between enzymes and these 

substrates is decreased (Chen and Georgiou, 2002; Ang et al., 2005; Saleem et al., 2008). 

Cho et al. (2002) succeeded to isolate novel enzymes with true improved substrate 

specificities by displaying OPH variants on the surface of Escherichia coli. The method 

was successful to achieve evolution of OPH for improved activity against poorly 

degraded pesticides with complex and big molecule such as diazinon and chlorpyrifos. 
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The enzyme OPH is plasmid based possesses similar DNA sequences and has been 

isolated from taxonomically different species and different regions of the world (Singh et 

al., 2006).  

OPH variant having a broader substrate range for organophophate compounds and 

kinetics superior to those of organophosphate hydrolase for some substrates was 

successfully isolated by Horne et al. (2002). OpdA, a chromosome-based gene is capable 

of hydrolyzing dimethyl substrates at a higher rate than OPH, was cloned from 

Agrobacterium radiobacter P230. Yang et al. (2003) discovered that it degraded a broad 

range of organophosphates, so, it is a better enzyme for realistic bioremediation of 

organophosphates. No doubt OPH and OpdA have a high level of sequence identity but 

their substrate specificities are different. Though the mpd gene (an organophosphate 

hydrolase isolated firstly from Plesiomonas sp. M6) was cloned from Sphingomonas sp. 

strain Dsp-2 and Stenotrophomonas sp. strain YC-1 separately. More efficient and novel 

enzymatic capabilities by bacterial community indicate the presence of mpd gene (Yang 

et al., 2006; Li et al., 2007, 2008). Singh et al. (2004) reported that Enterobacter sp. 

strain B-14 has a novel enzyme, phosphotriesterase encoded by an organophosphate-

degrading (opd) gene having different sequence from the widely studied genes. 

 

2.4.4. Kinetics of chlorpyrifos biodegradation  

Knowledge of the kinetics is essential for better understanding the capacities of 

microorganisms for degradation in the environment in general and specifically in the 

operation of treatment units. 

Kinetics of pesticides biodegradation in soil environment is a complex 

phenomenon influenced by diversity of soil factors, various soil microbiota, and nature 

and behaviours of xenobiotic compounds in soil ecosystem. Alexander (1999) has 

comprehensively covered the kinetics of biodegradation of xenobiotics in natural 

environment which is often described empirically as the “power rate model” (Hamaker, 

1972). Conventionally, to describe kinetics of pesticide degradation in soil, first-order 

kinetics has been preferred which reveals that degradation is concentration dependent 

(Zimdhal et al., 1970).  

The kinetics of biodegradation implies that pesticide biodegradation is associated 

with microbial growth. "Soil adaptation" "soil acclimation" and "accelerated degradation" 

are the different names used by the researches to explain kinetics (Audus, 1951; 

Alexander 1981; Walker and Welch 1991; Barriuso and Houot, 1996). During 
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biodegradation, the concentrations of target pollutants in the contaminated site exert a 

significant effect on microbial biodegradative activity and the fate of target compound. It 

is investigated that in degradation of aromatic compounds, encoded genes are inducible 

not constitutive. At low concentrations degradation activity might not be appreciable. 

There for, at higher concentrations of pesticides, longer lag phase is expected, as greater 

numbers of bacterial populations are required to initiate rapid degradation (Karpouzas and 

Walker, 2000).  

A few researchers have conducted work on modelling and kinetics of chlorpyrifos 

biodegradation. Fang et al. (2008) reported the degradation rates after 7 days of 

incubation in mineral salt medium of about 0.14, 1.23, 5.56, 11.01, 12.17 and 7.44 mg 

day-1 l-1 at chlorpyrifos concentration levels of 1, 10, 50, 100, 200, and 500 mg l-1. There 

was almost linear relationship between degradation rates and chlorpyrifos concentrations 

(1 to 100 mg l-1) and value of R2 = 0.99 suggested first-order kinetics of degradation. 

They also reported that elimination of chlorpyrifos on pakchoi and in agricultural soil 

followed the same degradation pattern. The degradation potential of the fungal strain DSP 

(Vertcillium sp.) at concentration of 500 mg l-1 was inhibited. The degradation rate of 

chlorpyrifos at a concentration of 100 mg l-1 by A. faecalis DSP3 was reported to be 

76.2% after 18 days of incubation in the mineral salts medium at pH 7.0 and 30 °C (Yang 

et al., 2005). The degradation half-life of chlorpyrifos was 1.48 and 5 days in the mineral 

salts medium by B. latersprorus DSP at pH 7, 25 °C at 1 to10 mg l-1 concentration. At 

concentration of 100 mg l-1, inhibitory effect on degradation capability of the strain was 

observed (Wang et al., 2006a). Liu et al. (2002) investigated in their study about 

degradation kinetics that Trichoderma increased the rates degradation of chlorpyrifos 

from 19.75% to 88.53% for 50 mg l-1 in 1 to 7 days, for 500 mg l-1 the rates were 33.75% 

to 47.60% and for 5 000 mg l-1, rates measured were 19.62% to 21.87% in 3 to 7 days of 

incubation in the mineral salts medium with 2 g of sucrose respectively. Fulekar and 

Geetha (2008) found that Pseudomonas aeruginosa at chlorpyrifos concentration of 50 

mg l-1, showed increasing trend in degradation but as chlorpyrifos concentration increased 

from 75-100 mg l-1, an inhibitory effect to the strain was observed.  

For biodegradation, the initial concentration of pesticides is very critical because it 

plays very important role in determining the rate of degradation. So, the initial 

concentration must be given priority in planning the bioremedial strategy for pesticide 

contaminated environment (Liu et al., 2002; Fulekar and Geetha, 2008; Hussain et al., 

2009). 
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2.5. Metabolic pathways for chlorpyrifos biodegradation 

Chlorpyrifos degradation pathway yields four known metabolites including TCP, 

DEP, DETP and chlorpyrifos oxon depending upon the microorganism(s) responsible for 

the biodegradation and environmental conditions (Fig. 2.2). The major metabolic product 

of chlpyrifos is TCP, which is further degraded to 3,5,6-trichloro-2-methoxypyridine 

(TMP) and carbon dioxide (Racke, 1993). The degradation pathway leads to the 

formation of chlorpyrifos oxon [O,O-ethyl O-(3,5,6-trichloro-2-pyridyl) 

phosphorothioate] and desethyl chlorpyrifos [O-diethyl O-(3,5,6-trichloro-2-pyridiyl) 

phosphate]. The parent molecule and the metabolites mentioned are characterized by a P-

O-C linkage, the hydroxylation of which leads to the formation of a major metabolite that 

has been identified as TCP, which in turn can be degraded to TMP (Devashis and Kole, 

2005). The TCP is weakly to moderately adsorbed, mobile and very persistent in the soil 

(Yang et al., 2005; Kralj et al., 2007; Sparling and Fellers, 2007; Kim and Ahn, 2009). 

 

2.6. Optimization of chlorpyrifos bioremediation process  

Optimization and management of bioremediation strategies depends on factors 

like pH, temperature, type of soil, solar radiation, nutrients and the presence of oxygen or 

other electron acceptors. In addition, numbers and types of microorganisms capable of 

degrading the pesticide, the chemical structure of the target compound and its 

bioavailability to the microbial population are also very critical for optimal 

biodegradation process (Hurst et al., 1997; Vidali, 2001). Therefore, it is necessary to 

establish optimal biotic and abiotic factors for successful bioremediation in a particular 

environment. Sometimes, during bioremediation of contaminated soils bioaugmentation 

in field failed due to uncertainty on the part of establishment and pre-adjustment of biotic 

and abiotic factors essential for functioning of microorganisms (Block et al., 1993; 

Morra, 1996; Sing et al., 2006; Arshad et al 2008). 

According to Singleton (2001), the soil environment can dramatically affect the 

persistence of an organic pollutant. Since soil pH, nutritional status, oxygen levels and 

temperature may vary, so the soil environment may not always favour optimal growth of 

fungi and bacteria or efficient enzymatic activity that is required for the transformation of 

a pollutant. Hence, these factors can play a key role in determining the failure or success 

of a particular bioremediation strategy. In a study, Singh et al. (2006) reported that a wide 

range of abiotic factors including temperature, soil pH, and inoculum density affect the 

bioremediation ability of the bacterial strains. 
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Fig. 2.2. Chlorpyrifos and its Metabolites (DowAgroSciences, 1998-2011) 
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There are many reasons for organic compounds being degraded very slowly or not 

at all in the soil environment, even though they are biodegradable. One reason could be 

strong pesticide sorption to soil and therefore decreased bioavailability of pesticide to 

microorganisms (Alexander, 1994). The solubility of target compounds also determines 

the rate of degradation at different pH levels (Singleton, 2001). Singh et al. (2003) 

reported that soil pH has very critical role in microbial degradation of chlorpyrifos for 

longer periods. In another study, he investigated that Enterobacter sp. increased 

degradation with increase in pH from 4.7 to 6.7 but as pH increased from 6.7 to 8.4; there 

was non significant difference in rate of degradation (Singh et al., 2006). Kontchou and 

Gschwind (1995) reported that in degradation of atrazine, Pseudomonas sp. was less 

successful in soil with higher organic matter and lower pH. In acidic soils, the 

degradation of chlorpyrifos was very slow but with an increase in soil pH, rate of 

degradation increased considerably. Previously, in soils with alkaline pH, high of rate 

chlorpyrifos degradation was credited to chemical hydrolysis. Afterwards, Racke et al. 

(1996) confirmed that factors like silt content of soil might have significant role in 

determining environmental fate of toxic compounds and there is a weak relationship 

between high pH and chemical hydrolysis in soil.  

It is well-documented that xenobiotics are degraded under both aerobic and 

anaerobic conditions. Initially, most research work concentrated on aerobic culture than 

anaerobic due to more versatility in metabolism of aerobes (Singleton, 2001). Fungal 

degradation is very slow under oxygen restrictions resulting in partial degradation with 

resultant toxic intermediates being formed (Romantschuk et al., 2000).  

Temperature is another important abiotic factor that affects microbial activity and 

ultimately the rate and degree of bioremediation in a particular environment. Singh et al. 

(2004) in their study reported that the isolate B-14 degrade chlorpyrifos rapidly at 15 to 

35°C and at 35°C, the most rapid degradation was observed. Similarly, Li et al. (2007) 

after optimizing the conditions for chlorpyrifos degradation reported a rapid degradation 

at temperatures range of 20 to 30°C, being most rapid at 30 °C. Yang et al. (2006) 

optimized the temperature 30°C for chlorpyrifos degradation by the isolate 

Stenotrophomonas due to its very rapid degradation at this temperature. Xu et al. (2008) 

optimized temperature of 35°C for chlorpyrifos biodegradation by bacterium Paracoccus 

which showed rapid degradation under these conditions. During bioremediation process 

of pesticide contaminated sites, the inoculum size of inoculating species having 

degradation ability plays very important role (Ramadan et al., 1990). In detoxification of 
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pesticide contaminated sites, the recommendable inoculum size used was 106–108 cells 

g−1 soil (Comeau et al., 1993). ). However in a similar study, Struthers et al. (1998) found 

that inoculum levels of an Agrobacterium strain as low as105 cells g−1 were adequate to 

rapidly degrade atrazine. Yang et al. (2006) reported that chlorpyrifos was degraded 

completely within 24 hours at the high inoculum density (>104 cells ml-1). Singh et al. 

(2006) documented that when soil inoculated with densities less than 103 cells g-1 of soil 

no degradation was observed. Pesticide concentration is another reason for 

bioremediation failure. Fulekar and Geetha (2008) reported that Pseudomonas aeruginosa 

(NCIM 2074) was able to tolerate concentration of chlorpyrifos up to 75 mg l-1 in mineral 

salt media, but higher concentrations showed inhibitory effect on bacterial growth and 

survival. When the concentration of chlorpyrifos was higher than 200 mg l-1, Dsp-2 grew 

very slowly and stopped degrading TCP (Li et al., 2007). Due to low aqueous solubility 

(2 mg l-1), the rate of degradation of chlorpyrifos in aqueous and soil system is limited 

due to higher adsorption affinity to soil and organic matter. Hence bioavailability of 

chlorpyrifos for microbial conversion is decreased (Singh et al., 2003). The solubility and 

availability of pesticide to microbes are very essential factors affecting the rate and extent 

of bioremediation. To improve solubility and availability of chlorpyrifos surfactants are 

used. Surfactants improve partitioning of hydrophobic compounds to aqueous phase and 

have potential to form emulsions at and above their critical micellar concentration 

(CMC), thus bioavailability of those compounds to their potential degraders is increased. 

In bioremediation, surfactants show promising applications to remove hazardous 

materials (Noordman and Janssen, 2002; Mulligan, 2005). To understand the role of 

biosurfactants in improved degradation of pesticides, only a few reports are available. 

Singh et al. (2009) reported that the addition of biosurfactant result more than 98% 

degradation of chlorpyrifos as compared to 84% in the absence of biosurfactant after 120 

hours incubation. The use of carbon sources (glucose, glycerol and molasses) in 

bioremediation studies increase the solubility and availability of target compounds to the 

microbes by the production of biosurfactants and hence help in increasing the growth of 

microbes (Samadi et al., 2007). Mallick et al. (1999) investigated that chlorpyrifos has 

been previously known to be degraded by bacteria co-metabolically, which needs extra 

carbon sources. Li et al. (2007) suggested that degradation of chlorpyrifos is not 

enhanced by the addition of carbon and phosphorus sources in nutrient-rich medium but it 

was improved by a small quantity of organic nitrogen. Additional of carbon source 

enhanced degradation of chlorpyrifos by Paracoccus sp. strain TRP indicating co-
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metabolic degradation by Paracoccus sp. strain TRP (Xu et al., 2008). In the previous 

study (Xu et al., 2007), the authors found that co-cultures of bacterial strain (Serratia sp.) 

and fungal strain (Trichosporon sp.) degraded chlorpyrifos (50 mg l-1) completely within 

18 h at pH 8 and 30°C. Biodegradation rate was greatly enhanced by the addition of 

sucrose in culture but inhibited due to increased chlorpyrifos concentrations (100 mg l-1) 

or toxicity. Anwar et al. (2009) concluded from their study that the presence of glucose, 

yeast extract and nutrient broth enhanced the chlorpyrifos degradation suggesting 

cometabolic degradation. Cycon et al. (2009) reported that supplementation of glucose in 

mineral salt media accelerated the degradation of diazinon.  

All the above studies have clearly indicated that it is important to consider the 

potential for bioremediation activity relevant to those conditions under which microbial 

activity can occur. In conclusion, bioremediation is an effective strategy for in-situ and 

ex-situ detoxification of chlorpyrifos where microbial metabolic potential can be 

harnessed. There is much evidence in the literature that shows successful bioremediation 

of chlorpyifos contaminated environments. Due to variation in the conditions of 

contaminated site, all site-specific factors including abiotic and biotic parameters 

necessary for microbial functioning must be taken into account for successful 

bioremediation.  
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MATERIALS AND METHODS  
 

A series of laboratory experiments was conducted under controlled conditions to 

investigate the potential of bacteria isolated from soil and water for biodegradation of 

chlorpyrifos in soil and water environments under different environmental conditions. 

 

3.1. Collection of environmental samples 

Seventeen environmental samples were collected and used for the isolation of 

chlorpyrifos-degrading microorganisms. Fourteen composite soil samples from different sites 

(5-6 random samples from the same site) having history of repeated chlorpyrifos applications 

and three water samples were collected for this study (Table 3.1). The soil samples were 

taken from top layer (0-15 cm) and air dried at room temperature, grinded, mixed thoroughly 

and sieved through 2 mm sieve.  The soil samples were stored in polythene bags and water 

samples in polyethylene bottles at 4 °C to be used later on. The physicochemical properties 

of soils (used for isolation) are presented in Table 3.2. 

 

3.2. Reagents and chemicals  

Technical grade chlorpyrifos (97%) was obtained from Ali Akbar Enterprises, 

Lahore, Pakistan, analytical grade chlorpyrifos (99.5%) and chlorpyrifos (40 EC) were 

obtained from Dow Agro Sciences, Karachi, Pakistan. Acetonitrile and water were of HPLC 

grade. Chemicals used in this study were of analytical grade and HPLC grade were 

purchased from commercial sources. Composition of the mineral salt medium (MSM) in g l-1 

used for isolation was: K2HPO4, 1.2; KH2PO4, 4.8; Ca (NO3)2. 4H2O, 0.04; MgSO4·7H2O,  

0.2; NH4NO3, 1.0; and  Fe (SO4)3, 0.001. 
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Table. 3.1. Description of sampling sites used for soil/water samples collection.  

 

Sample code Sample Description 
FSD Vegetable growing field, Faisalabad 

SJA Wheat-Sugar cane growing field, Shah Jewna, Jhang 

SJB Wheat-Rice growing field, Jhang 

SGA Citrus orchard, Lodhran, Sargodha 

SGB Wheat growing in citrus orchard, Sillanwali, Sargodha 

DGK Fallow field, Dera Ghazi Khan 

LHA Rice growing field, Layyah 

LHB Cotton growing field, Layyah 

RP Cotton harvested field, Rajanpur 

SWLC Sugar cane field, Chichawatni, Sahiwal 

SWLH Capsicum growing field, Harappa, Sahiwal 

MNA Cotton growing field, Kianpur, Multan 

MNB Cotton growing field, Multan 

MNC Cotton growing field, Pull Chatta, Multan 

SGC Pond water near wheat growing area in citrus orchard, 
Sargodha 

SJC Water pond near wheat growing field, Jhang 

MNW Sewerage water sample from pesticide formulating plant, 
Multan 
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Table. 3.2. Physicochemical properties of soils used for isolation of microbial strains. 

            

         *Values are average of three replicates 

 

 

Sr.No. Soil       EC        
(d  Sm-1) 

 

pH CEC 
( cmole kg-1 

soil) 

Organic 
Matter  

(%) 

Moisture 
Contents  

(%) 

Texture 

1.  FSD 7.49 7.71 7.83 0.36 30 Loam 
 

2.  SJA 2.22 8.25 9.50 0.72 33 Loam 
 

    3. SJB 2.13 8.10 10.40 0.72 41 Loam 
 

4. SGA 0.68 7.77 15.20 0.83 40 Loam 
 

5 SGB 0.80 7.95 11.60 0.88 29 Sandy  
loam 

6. DGK 2.27 8.56 7.74 0.83 36 Sandy 
loam 

7. LHA 1.10 7.97 8.35 0.72 32 Sandy 
loam 

8. LHB 0.21 8.64 3.50 0.26 28 Sandy 
loam 

9. RP 0.36 8.86 6.00 0.88 32 Sandy 
loam 

10. SWLC 1.29 8.00 13.74 0.62 34 Loam 
 

11. SWLH 2.96 7.85 9.91 0.57 38 Loam 
 

12. MNA 4.90 8.11 11.74 0.67 50 Clay loam 
 

13. MNB 1.48 8.13 13.48 0.83 45 Loam 
 

14. MNC 1.38 8.30 12.70 0.78 38 Loam 
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3.3. Isolation, purification and screening of microbial strains capable of    

degrading chlorpyrifos 

  
3.3.1 Isolation of microbial strains by enrichment culture technique 

Enrichment culture technique was used for isolation of microbial strains capable of 

utilizing chlorpyrifos as a sole C source. Soil suspension was prepared by taking 20 g of soil 

sample in 100 ml mineral salt medium and shaking at 150 rev min-1 for over night at 30 oC. A 

settling time of 1 h was provided for solid particles and the aliquots of supernatant were 

separated through paper filtration (Whatman No. 42). Mineral salt media and Erlenmeyer 

flasks of 50 ml were sterilized by autoclave separately. To attain chlorpyrifos final 

concentration of 100 mg l-1, chlorpyrifos was added to media aseptically in a laminar flow 

hood. One ml aliquot was used for inoculating nine milliliters of mineral salt media enriched 

with chlorpyrifos. Similarly in the case of water samples, one milliliter of each water sample 

was added to nine milliliters of mineral salt medium in the flasks and was incubated at 30 oC 

for 10 days under shaking conditions (150 rev min-1). The same process was repeated twice 

by taking 0.1 ml of inoculum in 10 ml MSM in sterilized flasks enriched with 100 mg l-1 

chlorpyrifos. The samples (0.5 ml) from these cultures were then spread on chlorpyrifos 

spiked agar media to get purified microbial strain. 

 

3.3.2. Purification of bacterial isolates 

The mineral salt medium containing 1.5% agar was used for purification of bacterial 

strains. Media was spiked with filtered, sterilized chlorpyrifos in a laminar flow hood to 

attain a final concentration of 100 mg l−1. Agar plates were prepared with chlorpyrifos spiked 

media and 0.5 ml of culture was spreaded on MSM/chlorpyrifos agar. These plates were then 

incubated at 30 °C for 48 hrs under aerobic conditions. The bacterial colonies showing 

prolific growth were selected for further purification. No fungal growth was observed. These 

discrete colonies were again purified on fresh agar plates by further four times streaking. 

These purified colonies were selected and their degradation potential was tested in liquid 

culture by inoculation in media. About 32 discrete colonies of bacteria showing prolific 

growth on agar media and in liquid media spiked with chlorpyrifos         (100 mg l-1) were 

selected for subsequent studies. 
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3.3.3. Inoculum preparation for chlorpyrifos degradation studies 

The isolated bacteria were cultured in fresh medium spiked with 100 mg l−1 

chlorpyrifos and incubated at 30°C for one week under shaking conditions. The cell 

suspensions were centrifuged at 8000 g for 2 min. The pellets of cell after centrifugation 

were then washed four times with fresh mineral salt medium. The cells were re-suspended in 

sterilized water to achieve an optical density of 0.80±0.02 at 600 nm. Inoculum of 800 µl was 

used for all experiments and samples were incubated on orbital shaker at (150 rev min-1) and 

30 oC. 

 

3.3.4. Screening of bacteria by growth and degradation of chlorpyrifos in liquid culture  

          media 

Bacterial strains which were efficient in chlorpyrifos degradation potential were 

screened out by using MSM spiked with chlorpyrifos (100 mg l-1). Twenty ml of autoclaved 

media (MSM) spiked with chlorpyrifos to a final concentration of 100 mg l-1 was taken in 

each 50 ml sterilized flask. Media was already adjusted to a pH of 7.0. The inocula (OD=0.8) 

were added at the rate of 800 µl per flask with uniform cell density. These flasks were then 

incubated for 18 days at 30 oC under shaking conditions (150 rev min-1). To check the abiotic 

degradation control flasks without inoculation were also prepared under the same conditions. 

Cultures were checked regularly for bacterial growth and degradation of chlorpyrifos at 

different intervals. Bacterial densities were determined by spectrophotometer at 600 nm and 

chlorpyrifos residues in the media were analyzed by HPLC-UV detection. The experiment 

was conducted with three replications. 

 

3.4. Optimization of four most efficient bacterial strains 

 Out of 32 strains, the four most efficient bacterial strains capable of chlorpyrifos 

degradation were selected and optimized at different pH, temperature and static vs. shaking 

conditions. 

 

3.4.1. Effect of pH on biodegradation of chlorpyrifos by four selected efficient bacterial  

          strains 
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 To evaluate the comparative biodegradation of chlorpyrifos by selected bacterial 

strains, SWLC2, SWLH2 SGB2 and SWLC1 at different pHs, 20 ml mineral salt  medium 

(MSM) autoclaved at 121 °C for 20 min in 50 ml Erlenmeyer flasks adjusted to pH values of 

4, 5, 6, 7, 8 and 9  was used. These flasks were spiked with chlorpyrifos to a concentration of 

100 mg l−1. The media in the flasks were inoculated by adding 800 μL of bacterial inocula 

with OD600 = 0.80. These inoculated flasks were incubated under shaking conditions at 30 °C 

(at 150 rev min-1). To check abiotic degradation uninoculated flasks were also prepared. 

Triplicate samples were incubated run for 18 days. 

 

3.4.2. Effect of incubation temperature on chlorpyrifos biodegradation by the four  

          selected efficient bacterial isolates 

Sterilized mineral salt media (20 ml) adjusted to pH 7.0 containing chlorpyrifos final 

concentration of 100 mg l−1 was taken in flasks. The flasks were then inoculated by adding 

800 μl bacterial inocula (OD600 = 0.80). These inoculated flasks were incubated at 20, 25, 30, 

35, 40 and 45 °C on an orbital shaker at 150 rev min-1. Uninoculated flasks were also 

prepared to check abiotic degradation. Triplicate samples were incubated for 18 days. 

 

3.4.3. Effect of shaking vs. static conditions on biodegradation of chlorpyrifos by  

          four selected efficient bacterial strains 

After optimizing the conditions as described in previous steps, biodegradation of 

chlorpyrifos in liquid culture was also checked under static vs. shaking incubation. The flasks 

and the media were sterilized by autoclave at 121 °C. The flasks containing 20 ml of media 

were spiked with 100 mg l−1 of chlorpyrifos. The already prepared inoculum with 

OD600 = 0.80 was added in flasks by using inoculum size of 800 μl. Uninoculated or control 

flasks were also prepared by using the same amount of MSM spiked with chlorpyrifos 

(100 mg l−1) adjusted to pH 7.0 to check the abiotic degradation of chlorpyrifos. One set of 

flasks was placed under shaking conditions on shaking incubator (150 rev min-1) and another 

set of flasks was incubated under static conditions at 30 °C. Cultures were run for 18 days in 

triplicate to ensure accuracy.  
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3.5. Optimization of factors affecting biodegradation of chlorpyrifos by  

Enterobacter sp. SWLC2 in broth culture and in soil slurry 

Among four efficient bacterial strains responsible for chlorpyrifos biodegradation under 

optimized conditions, the most efficient strain Enterobacter sp. SWLC2 was selected and 

various factors were optimized to achieve the highest degradation rate of chlorpyrifos in 

broth as well as in soil slurry. All the experiments were conducted in triplicate. 

 

3.5.1. Effect of temperature, pH and shaking on chlorpyrifos biodegradation by  

         Enterobacter sp. SWLC2 in broth culture 

The effect of different pHs ranging from 4−9 was studied on the biodegradation of 

chlorpyrifos by the most efficient bacterial strain Enterobacter sp. SWLC2 in broth culture. 

Similarly, effect of varying temperature (20-45 °C) was examined on chlorpyrifos 

biodegradation by Enterobacter sp. SWLC2 strain. The biodegradation of chlorpyrifos in 

liquid culture was also studied under shaking incubation (150 rev min-1) as well as under 

static conditions to examine the effect of aeration on the degradation efficiency of the 

Enterobacter sp. SWLC2. These studies were performed by using the same conditions 

(except the factor under study) by following the same practice as described earlier. The 

experiments were performed keeping three replications for each factor/level up to 18 days. 

  

3.5.2. Effect of inoculum size on chlorpyrifos biodegradation by Enterobacter sp.  

          SWLC2 in broth culture 

Twenty ml autoclaved MSM spiked with 100 mg l-1 chlorpyrifos was taken each in 50 

ml flasks. Already prepared inoculum (OD600 = 0.80) was then added to these flasks by using 

different inocula sizes, 200, 400, 600, 800 and 1000 µl. Each treatment was replicated thrice 

and incubated under shaking conditions (150 rev min-1) on orbital shaker for 18 days under 

standard optimal conditions. 
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3.5.3. Effect of additional carbon sources (glucose, manitol, yeast extract) and nutrient  

broth on biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 in liquid 

culture 

The effect of other carbon source including glucose, manitol (as C source) and yeast extract 

(as source of C and N) and nutrient broth (as source of nitrogen, amino acids and vitamins) 

on the biodegradation of chlorpyrifos was also studied in broth. For this purpose, each carbon 

source except nutrient broth was separately added at the rate of 1 g l-1 to 100 ml flasks, 

containing 20 ml of nutrient solution (MSM). Control flasks were not amended with any 

carbon source. These flasks were sterilized on autoclave, spiked with 100 mg l-1chlorpyrifos, 

inoculated, cotton plugged and capped with aluminium foil. MSM was also compared with 

nutrient broth. For this purpose 20 ml autoclaved nutrient broth was supplemented with 100 

mg l-1 chlorpyrifos in flasks. All flasks except control were inoculated with already prepared 

inocula of 800 μl of Enterobacter sp. SWLC2 (OD= 0.80). Degradation was checked on day 

3, 6, 12, 15 and 18 in broth and each treatment was run in triplicate. 

 

3.5.4. Effect of amino acids (arginine, lysine, alanine) on biodegradation of chlorpyrifos   

by Enterobacter sp. SWLC2 in broth culture  

To investigate the role of amino acids on biodegradation, arginine, lysine, alanine were 

added at the rate of 1 g l-1in 20 ml MSM. Sterilized media was spiked with 100 mg l-1 

chlorpyrifos. Control flasks were not supplemented with amino acids. The treatments were 

replicated thrice to ensure accuracy.  Biodegradation was checked on day 3, 6, 12, 15 and 18 

in broth culture. 

 

3.5.5. Effect of Organic acids (succinic acids, citric acid, acetic acid) on biodegradation  

         of chlorpyrifos by Enterobacter sp. SWLC2 in broth culture 

For this purpose the above cited procedure was repeated and succinic acids, citric 

acid, acetic acid were added in chlorpyrifos supplemented media at the rate of 1 g l-1. All 

treatments including control were run in triplicate. 
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3.5.6. Effect of soil texture on chlorpyrifos biodegradation by Enterobacter sp.            

          SWLC2          

The effect of soil texture on biodegradation of chlorpyrifos was investigated by spiking four 

texturally different soils, viz. sandy loam, loam, sandy clay loam, clay loam (Table 3.3). For 

this purpose, 2.0 g of autoclaved soil sample of each textural class was taken in 100 ml 

flasks, separately. To each flask, 20 ml of autoclaved mineral salt media (MSM) aseptically 

spiked with 100 mg l-1 filtered sterilized chlorpyrifos was added. These flasks were 

inoculated with 800 μl of already prepared inocula of Enterobacter sp. SWLC2 (OD= 0.80). 

To check abiotic degradation of chlorpyrifos, a set of flasks containing autoclaved soil 

treated with autoclaved MSM solution spiked with 100 mg l-1 filtered sterilized chlorpyrifos 

were kept as control.  In all the cases, the cotton plugged and capped with aluminium foil 

flasks were incubated under shaking conditions on an orbital shaker (150 rev min-1) for 18 

days. All the experiments were run in triplicates.  

Preliminary studies were conducted to set the optimal level of environmental 

parameters on chlorpyrifos biodegradation. In all these studies, loamy soil (L) was used 

because it is medium textured soils and most of the soils of Punjab, Pakistan are loamy in 

texture. 

 

3.5.7. Effect of soil water contents in soil slurry on biodegradation of chlorpyrifos by  

          Enterobacter sp. SWLC2 

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was studied by using 

different soil water contents in soil slurry. To get 10, 15, 20, 30, 40, 50 and 60% (w/v) soil 

contents, 2.0 3.0, 4.0, 6.0, 8.0, 10.0 and 12.0 g soil was added to 20 ml MSM in each 100 ml 

flasks respectively. All the flasks with soil (plugged with cotton and capped with aluminum 

foil) were autoclaved and then spiked with chlorpyrifos to achieve final concentration of 100 

mg l-1. The flasks were inoculated and then incubated under standard optimal conditions for 

18 days.  
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Table. 3.3. Physico-chemical properties of the tested soils used for biodegradation of  
chlorpyrifos by Enterobacter sp. SWLC2. (values are average of 3 replicates 
± standard error of means). 

 
 

Textural class Organic Matter 

(%) 

ECe  

(d Sm-1) 

pHs CEC  

(cmol kg-1 soil) 

Sandy loam (SL) 0.86 ± 0.05 1.22±0.03 8.1±0.21 12±1.35 

Loam (L) 0.57±0.04 2.96±0.04 7.8±0.20 10±1.21 

Sandy clay loam 

(SCL) 

0.25±0.06 1.23±0.03 8.0±0.35 14±0.06 

Clay loam (CL) 0.67±0.03 4.90±0.05 8.1±0.15 11±1.08 
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3.5.8. Effect of pH on biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 in  

soil slurry  

Biodegradation of chlorpyrifos in soil slurry was studied at different initial pH values 

(4-9) by following the same procedure as explained earlier. At ambient temperature, the soil 

slurry flasks were adjusted to pH values between 4 and 9. The pH for soil slurry was adjusted 

for three days by adding appropriate amount of 1 M HCl or 1 M NaOH. These sterilized 

flasks were then spiked with chlorpyrifos and inoculated. The cotton plugged flasks were 

capped with aluminium foil and incubated on an orbital shaking incubator (150 rev min-1) for 

18 days.  

 

3.5.9. Effect of incubation temperature on biodegradation of chlorpyrifos in soil slurry  

          by Enterobacter sp. SWLC2  

In soil slurry, biodegradation of chlorpyrifos was studied at different incubation 

temperatures by following the same procedure as described earlier. These flasks were spiked 

with 100 mg l-1 chlorpyrifos and inoculated. The incubation temperatures, 20 to 45 oC were 

used while maintaining the reactive mixture in soil slurry at optimum pH of 7.0.  The cotton 

plugged flasks capped with aluminium foil were incubated on an orbital shaking incubator 

(150 rev min-1) for 18 days for soil slurry, in three replicates per treatment. 

 

3.5.10. Biodegradation of chlorpyrifos at static vs. shaking conditions in soil slurry by  

            Enterobacter sp. SWLC2   

Biodegradation of chlorpyrifos was also observed in soil slurry under static as well as 

shaking incubation conditions by using the same procedure under standard optimal 

conditions as described previously. One set of flasks was incubated on an orbital shaker (150 

rev min-1) and other set was placed in static conditions incubated at 30 oC for 18 days in soil 

slurry. Each treatment was run with three replications.  

 

3.5.11. Effect of inoculum size on biodegradation of chlorpyrifos by Enterobacter sp.  

          SWLC2 in soil slurry  
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To the  100 ml flasks, 20 ml of soil slurry as described above was autoclaved and 

spiked with 100 mg l-1 chlorpyrifos and was inoculated with 200, 400, 600, 800 and 1000 µl 

of already prepared inoculum (OD600 = 0.80) and incubated at pH 7, 30 oC under shaking 

conditions,. Each treatment was run thrice and incubated for 18 days in soil slurry. 

 

3.5.12. Effect of additional carbon sources (glucose, manitol, yeast extract) and nutrient  

   broth on biodegradation of chlorpyrifos by Enterobacter sp. WLC2 in soil  slurry  

The effect of other carbon source including glucose, manitol (as C source) and yeast       

extract (as source of C and N) and nutrient broth (as source of nitrogen, amino acids and 

vitamins) on the biodegradation of chlorpyrifos was also studied in soil slurry. For this 

purpose, each carbon source was separately added at the rate of 1 g l-1 to 100 ml flasks, 

containing 20 ml MSM plus 2.0 g soil for soil slurry. Nutrient broth was also compared with 

MSM in soil slurry. The flasks were autoclaved, spiked with chlorpyrifos (100 mg l-1), 

inoculated, plugged with cotton and then capped with aluminium foil. All flasks except 

control were inoculated with 800 μl of already prepared inocula of Enterobacter sp. SWLC2 

(OD= 0.80). Degradation was checked after 3, 6, 12, 15 and 18 days in soil slurry. Each 

treatment was run in triplicate. 

 

3.5.13. Effect of amino acids (arginine, lysine, alanine) on biodegradation of    

chlorpyrifos by Enterobacter sp. SWLC2 in soil slurry  

To investigate the role of amino acids on biodegradation, arginine, lysine, alanine were 

added in 20 ml soil slurry by following the same method as described before. Control flasks 

were not supplemented with amino acids. The treatments were run in triplicate to ensure 

accuracy. Biodegradation was checked after 3, 6, 12, 15 and 18 days in soil slurry. Each 

treatment was run in triplicate. 

 

3.5.14. Effect of organic acids (succinic acids, citric acid, acetic acid) on biodegradation  

         of chlorpyrifos by Enterobacter sp. SWLC2 in soil slurry  

For this purpose the above cited procedure was repeated and succinic acids, citric 

acid, acetic acid were added in chlorpyrifos supplemented soil slurry at the rate of 1 g l-1. All 

treatments including control were run in triplicate. 
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3.6. Kinetic of chlorpyrifos biodegradation  

Biodegradation of chlorpyrifos at different initial chlorpyrifos concentrations was 

studied and rate of biodegradation of chlorpyrifos was also determined. For this purpose, 20 

ml of MSM was added to 50 ml flasks and autoclaved (121 oC for 20 minutes). The flasks 

were spiked with chlorpyrifos to attain a final concentration of 10, 50, 100, 150, 200 and 250 

mg l-1 of chlorpyrifos. The flasks were then inoculated with already prepared inoculum 

(OD600 = 0.80) by using optimal size of 800 µl. The same amount of MSM was added to the 

uninoculated flask for each chlorpyrifos concentrations at pH 7.0, 30 °C under shaking 

conditions to check abiotic degradation of chlorpyrifos. Two ml of broth was taken on every 

three days for determination of residual chlorpyrifos concentration up to 18 days of 

incubation. Growth (OD600) was also checked on every three days up to 18 days with 

spectrophotometer. Percent degradation and rate of reaction were determined. 

 

3.7. Characterization and identification of chlorpyrifos degrading bacteria 

The most efficient bacterial strains such as, SWLC2, SWLH2, SGB2 and SWLC1 

were identified by using morphological (Gram stain, motility, indole, methyl red, voges-

proskauer and citrate test) and biochemical (oxidase, catalase, urease, nitrate reductase and 

phosphatase) tests (Holt et al., 1994). Utilization of glucose, citrate and mannitol by the 

selected strains was also examined. To confirm identity of the bacteria, 16S rRNA gene 

analysis was performed and following procedure was adopted. 

 

3.7.1. Preparation of DNA 

 For the preparation of crude DNA from the isolated bacterial strains, the individual 

colonies were suspended in 0.5 ml of sterilized saline solution and centrifuged at 10000 rpm 

for 10 min. The pellet obtained was resuspended in 0.5 ml of Insta Gene Matrix (Bio-Rad, 

USA), incubated at 56°C for 30 min and then heated to 100 °C for 10 min. After heating, the 

supernatant was used for PCR. 
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3.7.2. Amplification and sequencing of 16S rRNA sequence 

The extracted DNA was amplified by using primers 27f (5'-AGAGTT TGATCH 

TGGCTCAG-3') and 1492r (5'-TACGGHTACCTT GTTACGACTT-3'). PCR was 

performed in a Thermocycler DNA Engine Tetrad 2 Peltier Thermal Cycler (BIO-RAD), 

using the conditions:1 cycle of 4 min at 94°C; 39 cycles of 1 min at 94 °C, 1 min at 55 °C, 

1.5 min at 72 °C and a final extension step at 72 °C for 5 min. 16S rRNA products were 

purified using the Montage PCR Clean up kit (Millipore) according to manufacturer’s 

recommendations. 

The purified 16S rRNA amplicons were sequenced by Macrogen (Korea) using Big 

Dye terminator cycle sequencing kit (Applied BioSystems, USA) and the products were 

resolved on an Applied Biosystems model 3730XL automated DNA sequencing system 

(Applied BioSystems, USA).  

The gene sequences were deposited in the GenBank database having the Bank 

number 1489974 and the accession numbers were JN 966740, JN 966741, JN 966742, and 

JN 966743 for SWLH2, SGB2, SWLC2 and SWLC1 respectively. 

 

 3.7.3. Phylogenetic analysis of 16S rRNA sequences 

 All the 16S rRNA sequences were compared to the known nucleotide sequences 

using BlastN (http://www.ncbi.nlm.nih.gov/BLAST). To construct phylogenetic trees, 

multiple alignments were carried out using ClustalX (Thompson et al., 1997) and the data 

obtained was processed using NJ Plot (Perrie`re and Gouy 1996) using the neighbor joining 

method. 

  

3.8. Extraction and analytical procedure for chlorpyrifos detection  

3.8.1. Extraction of chlorpyrifos residues for HPLC analysis from broth culture    

Chlorpyrifos was extracted from culture media and for this purpose one ml of culture 

was mixed with equal volume of acetonitrile in separate flasks with subsequent shaking at the 

rate of 150 rev min-1 for a period of 30 minutes on a reciprocating shaker and centrifuged. 

Appropriate amount of samples were filtered through 0.2 µm, 13 mm nylon membrane filters 

using Swinney Stainless syringe (MilliporeTM). 
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Samples were analyzed on Schimadzu LC 10 A and Waters System Alliance HPLC 

using acetonitrile: water: glacial acetic acid (82:17.5:0.5 v/v) as mobile phase and ODS 

column (250 × 4.6 mm). The chlorpyrifos was detected using UV-VIS detector at 300 nm 

(Rack, 1996; Singh et al., 2009). Analytical grade standard of chlorpyrifos (99.5%) was used 

for calculation of chlorpyrifos residues in liquid media.  

For the study on extraction efficiency of the methods used, a recovery study was also 

conducted in the mineral salts medium. Twenty ml of mineral salts media was spiked with 

different known concentrations of chlorpyrifos (1.0, 10.0, and 100.0 mg l-1). Extraction and 

analysis were performed in triplicate with the procedures described above. 

3.8.2. Extraction and analytical procedure for chlorpyrifos detection in soil slurry 

To estimate the degradation of chlorpyrifos in the soil slurry, the residual chlorpyrifos 

was extracted by the acetonitrile. For this purpose, 2 ml of well shaken soil slurry was taken 

in to 25 ml Erlenmeyer flasks and mixed with an equal volume of acetonitrile. The capped 

flasks were shaken for one hour using a reciprocating shaker at 150 rev min-1. Appropriate 

amount of samples were filtered through 0.2 µm, 13 mm nylon membrane filters using 

Swinney Stainless syringe (MilliporeTM). Samples were analyzed by HPLC as described 

earlier. 

For the study on extraction efficiency of the used method, different known concentrations 

of chlorpyrifos in 20 ml of the soil slurry were spiked to get final concentrations of (10, 50.0, 

and 100.0 mg l-1). Extraction and analysis were performed in triplicate with the procedures 

described above. 

3.9. Soil analysis 

Soils used for isolation of bacterial strains and for slurry experiments were analyzed 

for physical and chemical properties using the methods described by US Salinity Laboratory 

Staff (1954) unless otherwise mentioned. 
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3.9.1. pH of saturated soil paste 

About 250 g of soil was saturated with distilled water. The paste was allowed to stand for 

one hour and pH was recorded by Jenway 3510 pH meter with glass electrode using buffer of 

pH 4.0 and 9.2 as standards (US Salinity Laboratory Staff, 1954 Methods 21a). 

3.9.2. Electrical conductivity of saturated soil extracts  

Saturated soil extract was taken by using a vacuum pump (Method 3a) and its electrical 

conductivity was measured using digital Jenway 4070 Conductivity meter (US Salinity 

Laboratory Staff, 1954 Method 4b). 

 

3.9.3. Cation exchange capacity (CEC) 

Five gram soil sample was taken in centrifuge tube followed by three washings each 

with 1N sodium acetate, ethanol and ammonium acetate, respectively. While washing with 

ammonium acetate, supernatant liquid was preserved in 100 ml flask and volume was made 

up to mark. The concentration of sodium was determined through Jenway PFP flame 

photometer and CEC was calculated (US Salinity Laboratory Staff, 1954, Method 19). 

 

3.9.4. Organic matter  

For this purpose, one gram soil sample was placed in to a 500 ml conical flask and 10 

ml of 1 N Potassium dichromate and 20 ml of concentrated H2SO4 were added. This was 

swirled carefully and allowed it to stand for 30 minutes. Then 200 ml distilled water and 10 

ml H3PO4 were slowly added. The excess potassium dichromate was titrated against 0.5 N 

ferrous ammonium sulphate.  Percent carbon was calculated and converted to percent organic 

matter (Walkely and Black, 1934). 

 

3.9.5. Textural analysis 

Air dried soil sample (50 grams) was taken in 500 ml beaker, 40 ml of 1.0% sodium 

hexametaphosphate solution and 150 ml of distilled water were added to it. Soil beakers were 

kept for overnight soaking. The soil suspension was stirred with mechanical stirrer for ten 

minutes and transferred to 1000 ml plastic cylinders. The suspension was shaken vigorously 

with metal plunger. Initial reading was recorded after 40 seconds of the shaking and the final 

reading was noted after 2 hours with Bouyoucos hydrometer (Moodie et al., 1959). Soil 
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textural class was found using international triangle of United State Department of 

Agriculture. 

3.10. Data analysis 

Biodegradation (%) was calculated on the basis of the fraction of spiked amount of 

chlorpyrifos disappeared in the treated samples during the incubation time. The means and 

standard errors of three replicates were computed using data analysis tools of the spreadsheet 

software MS-Excel® 2007. Analysis of variance (ANOVA) as detailed by Steel et al. (1997)   

was performed and Least Significance Difference (LSD) values at P< 0.05 were calculated 

using the Statistix 8.1 software.  
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RESULTS 

 

Seventeen environmental samples (soil and water) were collected from different sites 

of Punjab having history of chlorpyrifos application for more than two years.  Bacteria 

capable of degrading chlorpyrifos were isolated from these samples by enrichment culture, 

using chlorpyrifos as a source of carbon in the mineral salt medium. The efficient 

chlorpyrifos degrading soil bacteria were screened in liquid media containing 100 mg l-1 

chlorpyrifos. Various factors like soil types, soil contents, temperature, pH, agitation, 

inoculums size of inoculum and additional carbon and nitrogen sources (glucose, manitol, 

yeast extract, nutrient broth, succinic acid, citric acid, acetic acid, arginine, lysine and 

alanine) were optimized to accelerate the process of chlorpyrifos degradation by the most 

efficient strain of bacteria in broth as well as in soil slurry. Effect of varying concentration of 

chlorpyrifos on biodegradation efficiency was also investigated and rate of reaction was also 

calculated. The results are explained in the following sections. 

 

Study I 

 

4.1. Isolation, purification and screening of microbial strains for  

       biodegradation of chlorpyrifos 

 
 4.1.1. Isolation of chlorpyrifos degrading bacteria 

In this study, chlorpyrifos degrading bacteria were isolated from the contaminated 

sites (fourteen soil and three water samples) by using enrichment culture technique (Table. 

3.1). Fifty morphologically different strains were isolated and purified on MSM agar plates 

containing chlorpyrifos as the sole carbon and energy source.  

 

4.1.2. Screening of bacteria by growth and degradation of chlorpyrifos in liquid culture  

          media 

The biodegradation abilities of the 32 selected strains were determined in 

MSM/chlorpyrifos media. The biodegradation potential of these strains varied substantially 
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in broth culture (Table. 4.1). It was observed that after three days, biodegradation was 

between 8-36% of spiked amount while, after seven days, degradation was between 15-61% 

and after fourteen days it was between 21-83%. On the eighteenth day of incubation the 

biodegradation of spiked chlorpyrifos was between 25-92% (Fig. 4.1). Abiotic degradation 

was observed after seventh day of incubation.  

The optical density of the broth by these strains increased from 3rd day of incubation 

to 18th day of incubation (Table. 4.2). It was observed that after 3 days of incubation, the 

optical density was between 0.09-0.29 while after seven days it was between 0.20-0.51 and 

after 14 days the optical density was 0.24-0.65. On 18th day of incubation, the optical density 

of 32 strains ranged between 0.28-0.78. The highest cell density (OD 0.78) was recorded in 

the case of bacterial strain SWLC2, followed in descending order by SWLH2 (OD 0.74), 

SGB2 (OD 0.71) and SWLC1 (OD 0.70). There was a significant linear positive correlation 

(R2=0.98) between percent biodegradation of chlorpyrifos by the selected bacterial strains 

and cell densities of respective strain in the broth medium.  

 

4.1.3. Selection of four efficient chlorpyrifos degrading bacterial strains 

Out of 32 isolates, four most promising strains with respect to chlorpyrifos 

biodegradation were selected for further investigations. These selected strains belonged to 

Sargodha and Sahiwal soils of Pakistan.  

The disappearance of chlorpyrifos from the inoculated medium by the four most efficient 

bacterial strains, (SWLC2, SWLH2, SGB2 and SWLC1) at different incubation times is 

shown in Fig.4.2. These strains were able to degrade 93%, 89.1%, 86% and 81.2% 

chlorpyrifos in 18 days respectively and identified as Enterobacter sp. SWLC2,   

Agrobacterium sp. SWLH2, Enterobacter sp. SGB2 and Enterobacter sp. SWLC1 by 16S 

rRNA gene analysis. 
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Table. 4.1. Biodegradation of chlorpyrifos in the broth by various soil bacteria (values  
                   are average of 3 replicates ± standard error of means). 

 

Sr.No. Isolates 3 Days 7 Days 14 Days 18 Days 
0 Control 0.00±0.0 10.9±2.8 13.2±1.6 14.8±0.8 
1 FSD 19.5±2.3 28.2±1.2 32.1±2.2 39.4±2.6 
2 SJA1 18.1±1.9 26.7±1.7 27.4±1.9 34.0±3.9 
3 SJA2 18.1±2.5 41.5±2.4 60.2±2.1 71.3±4.3 
4 SJA3 13.7±2.2 20.7±1.6 21.9±2.0 25.0±2.7 
5 SJB1 18.7±2.4 28.4±2.5 46.9±2.5 47.6±2.4 
6 SJC1 23.2±1.7 35.1±3.7 38.0±2.8 39.8±3.2 
7 SGA1 12.8±1.4 22.4±2.3 38.9±1.8 41.3±1.5 
8 SGA3 16.7±1.7 39.0±2.0 44.8±3.6 45.3±1.9 
9 SGB1 19.4±3.7 49.2±1.6 53.7±2.9 56.7±2.5 
10 SGB2 27.7±4.7 54.4±3.0 67.4±3.4 86.0±1.5 
11 SGB3 20.3±1.4 22.5±2.3 23.3±2.5 43.3±2.3 
12 SGC2 26.2±3.8 47.0±1.0 54.1±1.3 68.8±3.4 
13 SGC3 13.3±1.7 40.1±4.0 54.3±1.2 56.3±3.7 
14 DGK1 12.0±1.9 26.9±2.3 39.6±1.8 42.9±3.4 
15 DGK3 24.1±1.9 28.7±2.7 29.2±1.2 34.2±2.5 
16 LHA1 21.1±2.4 27.8±1.3 42.1±2.0 42.5±2.3 
17 LHA2 13.6±1.3 23.3±2.3 25.9±1.5 26.8±3.5 
18 LHA3 27.5±4.1 48.2±2.3 53.6±1.3 77.9±4.6 
19 LHB2 11.5±0.8 49.1±3.1 49.5±4.1 64.5±3.2 
20 LHB3 11.3±1.4 40.5±3.8 45.5±2.6 46.0±3.1 
21 RP3 10.7±2.3 14.9±2.3 49.5±2.8 49.9±3.0 
22 SWLC1 21.4±6.6 51.7±3.8 65.5±2.7 81.2±2.8 
23 SWLC2 35.8±1.8 61.5±3.5 83.7±2.8 92.7±2.6 
24 SWLC3 16.8±3.5 48.4±2.3 55.9±2.1 59.8±3.0 
25 SWLH1 27.4±4.0 40.1±3.3 52.8±1.4 67.0±4.3 
26 SWLH2 33.8±3.4 58.9±2.1 77.0±3.0 89.1±4.3 
27 MNA2 19.8±2.5 28.4±0.4 37.3±1.8 41.6±3.2 
28 MNA3 21.3±3.9 32.3±3.1 38.6±1.2 46.6±3.9 
29 MNB1 9.20±1.2 36.7±2.1 54.1±1.7 55.9±3.7 
30 MNB2 26.5±4.4 40.2±1.2 56.8±0.9 67.6±3.2 
31 MNC1 8.10±1.4 31.1±2.1 35.0±2.6 36.5±2.9 
32 MNC2 32.4±4.4 49.9±2.9 56.1±1.5 71.7±4.4 
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           Fig.4.1. Average range of percent of spiked amount subjected to biodegradation   

 by 32 isolates. 
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Table.4.2. Change in optical density of broth as a result chlorpyrifos biodegradation by  
     various soil bacteria (values are average of 3 replicates ± standard error of      
     means). 

 

Sr.No. Isolates 3 days 7 days 15 days 18 days 
0 Control 0.00±0 0.00±0 0.00±0 0.00±0 
1 FSD 0.19±0.01 0.26±0.02 0.32±0.02 0.40±0.04 
2 SJA1 0.18±0.02 0.29±0.02 0.33±0.01 0.38±0.02 
3 SJA2 0.14±0.01 0.31±0.05 0.48±0.02 0.58±0.01 
4 SJA3 0.09±0.01 0.25±0.01 0.24±0.02 0.28±0.02 
5 SJB1 0.19±0.01 0.27±0.01 0.49±0.02 0.51±0.03 
6 SJC1 0.21±0.02 0.34±0.02 0.37±0.03 0.40±0.03 
7 SGA1 0.09±0.01 0.20±0.01 0.40±0.03 0.46±0.02 
8 SGA3 0.14±0.02 0.33±0.03 0.49±0.03 0.47±0.02 
9 SGB1 0.18±0.02 0.45±0.03 0.56±0.01 0.54±0.02 
10 SGB2 0.26±0.03 0.51±0.07 0.58±0.05 0.71±0.08 
11 SGB3 0.17±0.01 0.24±0.01 0.26±0.01 0.48±0.03 
12 SGC2 0.19±0.01 0.42±0.01 0.51±0.01 0.65±0.01 
13 SGC3 0.14±0.02 0.33±0.03 0.44±0.02 0.46±0.03 
14 DGK1 0.13±0.02 0.24±0.03 0.40±0.01 0.42±0.03 
15 DGK3 0.21±0.01 0.32±0.03 0.33±0.01 0.39±0.02 
16 LHA1 0.18±0.01 0.31±0.01 0.46±0.03 0.48±0.03 
17 LHA2 0.14±0.02 0.26±0.03 0.31±0.03 0.28±0.01 
18 LHA3 0.23±0.03 0.44±0.02 0.55±0.05 0.67±0.02 
19 LHB2 0.13±0.02 0.41±0.04 0.50±0.01 0.61±0.02 
20 LHB3 0.17±0.04 0.37±0.03 0.45±0.03 0.46±0.04 
21 RP3 0.13±0.03 0.21±0.03 0.37±0.06 0.33±0.02 
22 SWLC1 0.19±0.03 0.39±0.05 0.57±0.05 0.70±0.05 
23 SWLC2 0.29±0.02 0.56±0.04 0.65±0.04 0.78±0.03 
24 SWLC3 0.21±0.02 0.42±0.01 0.49±0.01 0.55±0.01 
25 SWLH1 0.23±0.03 0.35±0.02 0.47±0.02 0.63±0.02 
26 SWLH2 0.28±0.04 0.48±0.03 0.61±0.05 0.74±0.04 
27 MNA2 0.18±0.01 0.27±0.01 0.38±0.04 0.37±0.04 
28 MNA3 0.19±0.02 0.30±0.03 0.38±0.01 0.47±0.02 
29 MNB1 0.14±0.02 0.33±0.03 0.49±0.03 0.45±0.01 
30 MNB2 0.26±0.02 0.35±0.01 0.51±0.02 0.63±0.01 
31 
32 

MNC1  
MNC2 

0.10±0.01 
0.25±0.02 

0.25±0.02 
0.43±0.01 

0.33±0.02 
0.51±0.01 

0.36±0.03 
0.70±0.03 
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               Fig. 4.2. Biodegradation of chlorpyrifos by four efficient strains. 
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Study-II 

 

4.2. Optimization of environmental parameters for selected efficient  

        bacterial strains 

 

4.2.1. Effect of pH on biodegradation of chlorpyrifos by selected four bacterial strains 

Data regarding the effect of pH on biodegradation of chlorpyrifos in MSM by four 

efficient bacterial strains are presented in Fig. 4.3. Biodegradation of chlorpyrifos increased 

with increase in pH of media from pH 4 to 7. Maximum biodegradation (up to 92%) was 

observed between pH 7 and 8. Statistical analysis confirmed that biodegradation at pH 7 

differed significantly  as compared to that of at pH, 4, 5, 6, 9 but  non significantly with pH 

8. A sharp decrease in biodegradation was observed as pH decreased to below pH 7 (acidic 

range). However, there was a slight decrease in the biodegradation of chlorpyrifos as the pH 

increased to 9. Strains SWLC2 and SWLH2 differed nonsignificantly with each other and 

showed better performance to degrade chlorpyrifos at all studied pH levels than other two 

strains (SGB2 and SWLC1). Abiotic degradation was greatest in the alkaline pH range (7−9). 

The bacterial biomass of four strains at different pH was in line with the biodegradation rate 

of chlorpyrifos. The highest cell densities were observed over a range of pH 7 to 9 (Fig. 4.4). 

Value of R2=0.98 represented the positive correlation between bacterial densities and % 

biodegradation at all pH values (Fig. 4.5).  

 

4.2.2. Effect of temperature on biodegradation of chlorpyrifos by selected four bacterial  

          strains 

Biodegradation of chlorpyrifos by four strains Enterobacter sp. SWLC2, 

Agrobacterium sp. SWLH2, Enterobacter sp. SGB2 and Enterobacter sp. SWLC1 was also 

investigated at different range of incubation temperatures (Fig. 4.6). Biodegradation of 

chlorpyrifos differed significantly between inoculated and uninoculated conditions. 

Chlorpyrifos biodegradation by these isolates increased with increase in temperature from 20 
oC to 35 oC. The optimal temperature for biodegradation of chlorpyrifos by the efficient four  
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Fig. 4.3. Biodegradation of chlorpyrifos by the most efficient bacterial strains at   
  different pH after 18 days of incubation. (LSD=3.37; P≤ 0.05). The data are       
  average of three replicates.  
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Fig. 4.4. Bacterial cell densities at different pH after 18 days of incubation. (LSD=0.04;   
                P≤ 0.05). The data are average of three replicates.  

 
 
 
 

 
 
Fig. 4.5. Relationship between biodegradation of chlorpyrifos and optical density of  

   the broth at different pH levels 
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strains was 30°C and differed significantly with other temperatures. Biodegradation of 

chlorpyrifos was minimum at two extremes of temperature i.e., 20 oC and 45 oC by all the 

four strains tested and the difference in biodegradation at these two temperatures was non 

significant.  

A slight decrease in the biodegradation was observed when the temperature decreased from 

30 to 25°C or increased from 30 to 35°C. However, the biodegradation sharply decreased 

when the temperature changed on either side, i.e., less than 25°C or greater than 35°C. 

Abiotic degradation was more obvious at high temperature levels. Enterobacter sp. SWLC2 

proved to be more efficient degrader at different incubation temperatures as compared to 

other three strains. Growth of strains was also monitored in liquid media (Fig. 4.7) and it was 

observed that growth of bacteria was more apparent from temperature 25 oC to 35 oC.  The 

bacterial cells growth differed significantly at different temperatures. There was positive 

correlation (R2=0.95) between biodegradation and optical density under different temperature 

levels (Fig. 4.8). The optimal temperature range for bacterial growth as indicated by optical 

densities was 30 to 35°C. 

 

4.2.3. Effect of shaking vs. static conditions on biodegradation of chlorpyrifos by  

           selected four bacterial strains 

A significant difference between biodegradation of chlorpyrifos by four bacterial 

strains was observed under shaking vs. static incubation (Fig. 4.9). Under shaking (aeration) 

conditions, the biodegradation of chlorpyrifos by four strains was about 87−92% after 18 

days compared to biodegradation under static condition which was 50−56%. SWLC2 showed 

maximum biodegradation of chlorpyrifos (92%) under shaking incubation and 56% under 

static condition. Abiotic degradation was also greater under shaking than that observed under 

static conditions. Optical densities of the strains was more under shaking condition and 

differed significantly than under static conditions (Fig. 4.10). A linear positive correlation 

(R2=0.98) was found between % biodegradation and static vs. shaking conditions (Fig. 4.11).  

From the above studies Enterobacter sp. SWLC2 behaved as the most efficient strain 

for chlorpyrifos biodegradation under different conditions, therefore, it was selected for 

further studies in broth culture and soil slurry.   
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Fig. 4.6.  Biodegradation of chlorpyrifos by the selected most efficient bacterial strains  

   at different temperatures after 18 days of incubation. (LSD=3.14; P≤ 0.05). The     
   data are average of three replicates.  
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Fig. 4.7. Bacterial cell densities at different temperatures after 18 days of  
   incubation. (LSD=0.03; P≤ 0.05). The data are average of three replicates.  

 
 
 

 

Fig. 4.8. Relationship between biodegradation of chlorpyrifos and optical density of  
   the broth at different temperatures 
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Fig. 4.9. Effect of shaking (aeration) and static conditions on biodegradation of  
  chlorpyrifos by the selected most efficient bacterial strains over a period of 18        
  days. (LSD=3.76; P≤ 0.05). The data are average of three replicates. 
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Fig. 4.10. Bacterial cell densities under static vs. shaking conditions after 18 days of  
        incubation. (LSD=0.03; P≤ 0.05). The data are average of three replicates.  

 

 

 

Fig. 4.11. Relationship between biodegradation of chlorpyrifos and optical density of  
      the broth under static vs. shaking conditions 
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Study III 

 

4.3. Optimization of environmental parameters for biodegradation of    

       chlorpyrifos in liquid culture and in soil slurry by Enterobacter sp.      

       SWLC2 

This study aimed at optimizing different environmental parameters for biodegradation 

of chlorpyrifos in liquid culture soil bacterium Enterobacter sp. SWLC2. Amongst the 

factors investigated were soil texture, soil water ratio, pH, incubation temperature, size of 

inocula, agitation and exogenous sources of organic carbon and nitrogen like glucose, 

manitol, yeast extract, organic acids, amino acids and nutrient broth.  

Biodegradation of chlorpyrifos in liquid was measured by use of HPLC-UV. Before 

the start of experiments, the recovery efficiency was calculated which indicated that HPLC 

had a high accuracy for chlorpyrifos determination and extraction procedure was efficient in 

extracting chlorpyrifos residues from mineral salt media. Average recoveries of chlorpyrifos 

from the mineral salt media at 1, 10, and 100 mg l-1 were measured and calculated as 97 ± 

3.2%, 96.5 ± 4.5% and 98.7±2.5% respectively.  

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was again investigated at 

an initial pH of 4 to 9 and temperatures 20- 45 oC under static vs. shaking conditions in liquid 

culture up to the 18th day of incubation. Enterobacter sp. SWLC2 showed almost similar 

behavior under all these conditions as explained earlier in section 4.2.  

By using the optimal pH, temperature and aeration conditions, other factors such as 

inoculum size, sugars, amino acids and organic acids were investigated for their impact on 

chlorpyrifos biodegradation by Enterobacter sp. SWLC2 in broth culture.  

 

4.3.1. Effect of inoculum size on biodegradation of chlorpyrifos by Enterobacter sp.  

SWLC2 in liquid culture 

 Biodegradation of chlorpyrifos was observed at different inoculum sizes at an 

incubation temperature of 30 oC and pH 7.0 (Fig. 4.12). Maximum biodegradation of 

chlorpyrifos was observed at inoculum size of 800 µl (OD600= 0.80) within 18 days of 

incubation. Statistical analysis showed that there was significant increase in biodegradation  
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Fig. 4.12. Effect of size of inoculum on biodegradation chlorpyrifos by  
     Enterobacter sp. SWLC2 in broth culture. (LSD=5.5; P≤ 0.05). 
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of chlorpyrifos when inoculums size increased from 100 to 800 µl. There was not a 

significant change in biodegradation of chlorpyrifos with further increase in the inoculum 

size from 800 to 1000µl. Abiotic degradation in control without inoculum was about 13.7% 

and differed significantly as compared to inoculated broth culture. 

 

4.3.2. Effect of carbon sources on biodegradation of chlorpyrifos in liquid culture by  

          Enterobacter sp. SWLC2 

Biodegradation of chlorpyrifos was also assessed in liquid culture by adding 

additional carbon sources like glucose, manitol, yeast extract in MSM. MSM was also 

compared with nutrient rich media, nutrient broth to investigate its effect on chlorpyrifos 

biodegradation. Data (Fig. 4.13) showed that initially there was no enhanced effect of 

additional carbon sources on biodegradation of chlorpyrifos up to the 6 days of incubation 

but after 12 days, it was observed that glucose and yeast extract enhanced the rate of 

biodegradation significantly as compared to MSM, manitol and nutrient broth and up to the 

15th day of incubation both glucose and yeast extract showed by 94% and 87 % 

biodegradation respectively. Up to the 18th day of incubation glucose and yeast extract as an 

additional carbon source to chlorpyrifos containing MSM showed maximum biodegradation 

(97 % and 94%). Manitol and nutrient broth did not support to the biodegradation of 

chlorpyrifos and they differed non significantly with each other. 

 

4.3.3. Effect of amino acids on biodegradation of chlorpyrifos in broth media by  

          Enterobacter sp. SWLC2 

The role of amino acids was also observed as an extra source of organic carbon and 

nitrogen in biodegradation of chlorpyrifos in liquid culture by Enterobacter sp. SWLC2. 

Data (Fig. 4.14) revealed that the amino acids (alanine, lysine and arginine) suppressed the 

rate of biodegradation as compared to MSM (92% biodegradation). These amino acids 

decreased the rate of biodegradation initially up to the 3rd day of incubation as compared to 

MSM, but on the 6th day, arginine showed significantly more percent biodegradation than 

alanine and lysine. This effect was nonsignificant as compared to MSM. Among these amino 

acids arginine showed better result (89% biodegradation) as compared to lysine (85%) and 
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Fig.4.13. Effect of additional carbon sources on biodegradation of chlorpyrifos  

    by Enterobacter sp. SWLC2 within18 days of incubation in broth culture. 
    (LSD=4.9; P≤ 0.05). 
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alanine (80%) within 18 days of incubation but the biodegradation by Enterobacter sp. 

SWLC2 was significantly less due to amino acids as compared to MSM in liquid culture 

(94%). 

 

4.3.4. Effect of organic acids on biodegradation of chlorpyrifos in liquid culture by  

Enterobacter sp. SWLC2 

Effect of organic acids (acetic acid, citric acid and succinic acid) on biodegradation of 

chlorpyrifos in liquid culture is shown in Fig. 4.15. Up to the 6th day of incubation, 

biodegradation of chlorpyrifos was less in MSM amended with organic acids as compared to 

MSM. After 6 days, succinic acid and citric acid increased the biodegradation (79 % and 75 

% respectively) as compared to MSM (72%) and MSM amended with acetic acid (50%). 

After 15 days of incubation, succinic acid and citric acid enhanced biodegradation 

significantly as compared to MSM (83%) and acetic acid amended MSM (75 %). Succinic 

acid differed non significantly with citric acid due to their effect on chlorpyrifos 

biodegradation. Up to the 18th day of incubation, biodegradation of chlorpyrifos was 

increased in MSM amended with succinic acid as compared to other sources. 
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  Fig. 4.14. Effect of amino acids on biodegradation of chlorpyrifos by Enterobacter  
      sp. SWLC2 within18 days of incubation in broth culture. (LSD=5.2; P≤ 0.05). 
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Fig. 4.15. Effect of organic acids on biodegradation of chlorpyrifos by Enterobacter sp.  

     SWLC2 within18 days of incubation in broth culture. (LSD= 4.8; P≤ 0.05). 
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4.4. Factors affecting biodegradation of chlorpyrifos by Enterobacter sp.  

       SWLC2 in soil Slurry 

Environmental parameters and organic amendments were studied for their impact on 

biodegradation of chlorpyrifos in soil slurry bioaugmented with Enterobacter sp.           

SWLC2. Biodegradation of chlorpyrifos in soil slurry was measured by the use of HPLC-

UV. Before the start of experiments, the recovery efficiency was calculated and average 

recoveries of chlorpyrifos from soil slurry at 10, 50 and 100 mg l-1 were also measured and 

calculated as 93.8 ± 5.8%, 95.6 ± 3.7% and 97.4 ± 4.5% respectively.  

 
4.4.1. Effect of soil texture on biodegradation of chlorpyrifos by Enterobacter sp.  

          SWLC2 in soil slurry 

Effect of soil texture on biodegradation of chlorpyrifos in soil slurry is presented in 

Table. 4.3. Biodegradation of chlorpyrifos varied significantly by Enterobacter sp. SWLC2 

in soil slurry among sandy loam (SL), sandy clay loam (SCL) and clay loam (CL) soils and 

non significantly between sandy loam (SL) and loam (L). Biodegradation was the highest 

(87%) in sandy loam (SL) which was significantly higher than that of clay loam showing the 

lowest biodegradation (77 %) in clay loam (CL) after 18 days of incubation. Biodegradations 

in sandy loam and loam were statistically at par. Abiotic degradation of chlorpyrifos in sandy 

loam soil slurry was significantly higher than that of clay loam soil slurry. Loam (L) soil was 

selected for further studies because it is medium textured soil and most of the pesticide 

contaminated soils of Pakistan are loamy in texture and also the soils of Punjab are loamy. 

 

4.4.2. Effect of soil water content on biodegradation of chlorpyrifos by Enterobacter sp.  

          SWLC2 in loam soil slurry 

  Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 in loam soil varied with 

the percent soil contents of slurry (Table. 4.4). As the soil content increased from 10% to 

60%, biodegradation of chlorpyrifos decreased significantly. Biodegradation of chlorpyrifos  

ranged from 48.2 to 87.1 as the soil contents in slurry decreased from 60 to 10%, 

respectively. Biodegradation in soil slurry containing 10 and 15% soil was statistically at par 

with each other. Abiotic degradation of chlorpyrifos was statistically non significant in all 

soil slurries containing 10 to 60% soil. 
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Table. 4.3. Effect of soil texture on biodegradation of chlorpyrifos by Enterobacter sp.  

       SWLC2. 
 

% Degradation of Chlorpyrifos 

Soil Type Uninoculated Inoculated 

Sandy Loam (SL) 15.4 a 87.1 a* 

Loam (L) 14.0 ab 85.6 a 

Sandy Clay Loam (SCL) 12.8 ab 81.2 b 

Clay Loam (CL) 11.7 b 77.0 c 

 

* Values include fraction of abiotic degradation.  
† Means sharing the same letter(s) in a column do not differ significantly    
  according to least significant difference test (P<0.05). 
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Table. 4.4. Effect of soil water content on biodegradation of chlorpyrifos by   

       Enterobacter sp.  SWLC2 in loam soil (L) slurry. 
 

% Degradation of Chlorpyrifos 

Soil Content %w/v Uninoculated Inoculated 

10 14.2 a 87.3* a 

15 16.6 a 84.8 a 

20 14.5 a 77.0 b 

30 15.1 a 68.8 c 

40 16.1 a 63.5 c 

50 15.3 a 51.6 d 

60 14.6 a 48.2 d 

 

 

* Values include fraction of abiotic degradation. 
† Means sharing the same letter(s) in a column do not differ significantly    

      according to least significant difference test (P<0.05). 
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4.4.3. Effect of pH on chlorpyrifos biodegradation by Enterobacter sp. SWLC2 in loam   

          soil slurry  

Biodegradation of chlorpyrifos by Enterobacter sp. at an initial pH of 4 to 9 ranged 

from 25 to 86% of the spiked amount in loam soil slurry after 18 days of incubation (Fig. 

4.16). Data revealed that biodegradation increased significantly with increase in pH up to 7. 

Biodegradation at pH 7 differed significantly with that of at pH 9 but nonsignificantly at pH 

8 in soil slurry. Minimum biodegradation was recorded in soil slurry incubated at pH 4 and 

maximum was at pH 7. Abiotic degradation of chlorpyrifos in the control was 9-17% at 

different pH ranges in soil slurry and it was significantly lower as compared to inoculated 

soil slurry.  

 

4.4.4. Effect of temperature on chlorpyrifos biodegradation in soli slurry by   

          Enterobacter sp. SWLC2  

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 in loam soil slurry varied 

significantly as the incubation temperature of soil slurry changed from  20- 45 after 18 days 

of incubation (Fig. 4.17). Biodegradation of chlorpyrifos increased significantly from 33% to 

86% as temperature increased from 20 oC to 30 oC. At 30 oC-35 oC, increase in 

biodegradation was non significant. At 40 oC and 45 oC, there was significant decrease in 

biodegradation of chlorpyrifos. Abiotic degradation in control was observed from 8 to 18%. 

Maximum biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was recorded at 30 oC 

and minimum was at 20 oC. 

 

4.4.5. Biodegradation of chlorpyrifos at static vs. shaking incubation by Enterobacter  

sp. SWLC2 in soil slurry 

Biodegradation of chlorpyrifos by Enterobacter sp. was also observed under static vs. 

shaking conditions in soil slurry (Fig. 4.18). Biodegradation of chlorpyrifos by Enterobacter 

sp. SWLC2 in loam soil slurry was significantly higher under shaking conditions than under 

static conditions. Biodegradation of chlorpyrifos was 88% under shaking conditions but 50% 

was observed under static conditions. Abiotic degradation of chlorpyrifos in control under 

shaking conditions in soil slurry was also more evident than under static conditions. 
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 Fig. 4.16. Effect of pH on biodegradation of chlorpyrifos by Enterobacter sp. SWLC2  

    after 18 days, in soil slurry. (LSD= 3.32; P≤ 0.05). 
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       Fig. 4.17. Effect of temperature on biodegradation of chlorpyrifos by Enterobacter  
            sp. SWLC2 after 18 days in soil slurry. (LSD= 2.87; P≤ 0.05) 
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   Fig. 4.18. Effect of agitation on biodegradation of chlorpyrifos by Enterobacter  
    sp. SWLC2 after18 days in soil slurry. (LSD= 4.24; P≤ 0.05). 
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4.4.6. Effect of inoculum size on biodegradation of chlorpyrifos by Enterobacter sp.  

           SWLC2 in soil slurry 

Biodegradation of chlorpyrifos in loam soil slurry was also assessed at different 

inoculum sizes (Enterobacter sp. SWLC2) incubated under optimal temperature (30 oC) and 

pH (7.0) conditions (Fig. 4.19). There was significant increase in biodegradation when 

inoculum size was increased from 400 µl to 800 µl and further increases in inoculum size did 

not contribute a significant increase in biodegradation of chlorpyrifos in soil slurry. Inoculum 

size of 800 µl and 1000 µl behaved in a similar way on biodegradation of chlorpyrifos in soil 

slurry as the difference was non significant. 

 

4.4.7. Effect of additional carbon sources on biodegradation of chlorpyrifos in soil  

          slurry by Enterobacter sp. SWLC2  

Biodegradation of chlorpyrifos was also assessed in soil slurry by using additional 

carbon sources like glucose, manitol, yeast extract. Soil slurry with nutrient rich media, 

nutrient broth spiked with chlorpyrifos was also tested to investigate its effect on 

biodegradation of chlorpyrifos by Enterobacter sp. SWLC2.  Data (Fig. 4.20) showed that 

after 6 days of incubation there was no enhanced effect of additional carbon sources on 

biodegradation of chlorpyrifos but after 12 days, it was observed that glucose and yeast 

extract enhanced the rate of biodegradation significantly as compared to manitol and nutrient 

broth and after the 15th day of incubation, they showed 88% and 83 % of biodegradation of 

chlorpyrifos respectively. After the 18th day of incubation glucose as an additional carbon 

source to chlorpyrifos spiked soil slurry showed significantly maximum biodegradation 

(94%). Manitol and nutrient broth did not support to the biodegradation of chlorpyrifos. 
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Fig. 4.19. Effect of size of inoculum on biodegradation chlorpyrifos by  
    Enterobacter  sp. SWLC2 in soil slurry.  (LSD= 4.34; P≤ 0.05). 
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        Fig. 4.20. Effect of additional carbon sources on biodegradation of chlorpyrifos in  
             soil slurry by Enterobacter sp. SWLC2. (LSD= 4.72; P≤ 0.05). 
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4.4.8. Effect of amino acids on biodegradation of chlorpyrifos in soil slurry by  

          Enterobacter sp. SWLC2 

Effect of amino acids on biodegradation of chlorpyrifos in soil slurry by Enterobacter 

sp. SWLC2 is presented in Fig. 4.21. Data showed that the amino acids (alanine, lysine and 

arginine) suppressed the rate of biodegradation as compared to MSM (92% biodegradation) 

in soil slurry. Among these amino acids arginine showed better result (88% biodegradation) 

as compared to lysine (85%) and alanine (80%) after the 18th day of incubation. Statistically, 

the difference in biodegradation between arginine amended soil slurry and non amended soil 

slurry was non significant. Data revealed that percent biodegradation by Enterobacter sp. 

SWLC2 was less in amino acids amended soil slurry as compared to MSM without amino 

acids addition in soil slurry. 

 

4.4.9. Effect of organic acids on biodegradation of chlorpyrifos in soil slurry by  

          Enterobacter sp. SWLC2 

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was also investigated in 

soil slurry using different organic acids like, succinic acid, citric acid and acetic acid (Fig. 

4.22). It was observed that after 6 days of incubation, biodegradation of chlorpyrifos in soil 

slurry amended with organic acids was less as compared to non amended soil slurry. After 12 

days, succinic acid significantly increased the biodegradation (71.17 %) than non amended 

soil slurry (64.9%), soil slurry amended with citric acid (53.5%) and soil slurry amended 

with acetic acid (43%). After 15 days of incubation, succinic acid and citric acid significantly 

enhanced biodegradation (up to 86 % and 81 % respectively) as compared to MSM (75%) 

and acetic acid amended MSM (68 %).  
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Fig. 4.21. Effect of Amino acids on biodegradation of chlorpyrifos in soil slurry  by    

     Enterobacter sp. SWLC2. (LSD= 3.93; P≤ 0.05). 
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Fig. 4.22. Effect of organic acids on biodegradation of chlorpyrifos in soil slurry by  
     Enterobacter sp. SWLC2. (LSD= 4.07; P≤ 0.05). 
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Study IV 
 
4.5. Kinetic of biodegradation of chlorpyrifos by Enterobacter sp. SWLC2  

        at different initial substrate concentrations 

The degradation of chlorpyrifos by Enterobacter sp. SWLC2 was determined at 

different initial concentrations by monitoring its disappearance at different times of 

incubation. Data shown in Fig. 4.23 revealed that rate of chlorpyrifos biodegradation under 

inoculated conditions varied with its initial concentration. The curves for 10 mg l-1, 200 and 

250 mg l-1 and under abiotic conditions showed that the degradation was also almost linear in 

all the cases.  

 At an initial chlorpyrifos concentration of 10 mg l-1, there was 36.7% of degradation 

within 18 days of incubation and the degradation rate was very slow. At this concentration, 

the degradation curves were almost the same under inoculated and uninoculated (abiotic) 

conditions (Fig. 4.23a) and slight increase in degradation was observed upon inoculation. At 

the concentration of 50 mg l-1, biodegradation was apparent after the 3rd day of incubation 

and it increased up to 82.9% of the spiked amount within 18 days of incubation and 

degradation under inoculated conditions was significantly more than under uninoculated 

conditions (Fig. 4.23b). 

At an initial chlorpyrifos concentration of 100 mg l-1, maximum rate of 

biodegradation was recorded on third day of incubation and 93% of the spiked amount was 

removed within 18 days (Fig. 4.23c). At concentration of 150 mg l-1, biodegradation was 

more evident after six days of incubation. When chlorpyrifos concentration was increased 

beyond 150 -250 mg l-1, % degradation decreased within 18 days of incubation (Fig. 4.23 e 

and f). At the concentrations of 50, 100 and 150, degradation in inoculated cultures was 

more obvious than uninoculated control. With further increase in initial substrate 

concentration, non significant differences between inoculated vs. uninoculated control were 

observed (Fig. 4.23 d, e, f). The rates of biodegradation of chlorpyrifos at different initial 

concentrations were also calculated. The results indicated that concentration had considerable 

effect on degradation rate. The kinetic was investigated  by plotting a curve between the rate 

of biodegradation of chlorpyrifos [V] milligrams per liter per day by strain Enterobacter sp. 

SWLC2 and the substrate concentration [S] where concentrations was in milligrams per liter  
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 (a)  (b)

 (c)  (d)

(e)  (f)

 

Fig. 4.23. Effect of different initial concentrations of chlorpyrifos on biodegradation  
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(Fig.4.24). It is evident from the curve that as the chlorpyrifos concentration increased from 

10 to about 150 mg l-1, the rate of biodegradation [V] also increased. The degradation rates 

(mg day-1) were almost linearly proportional to the concentrations of chlorpyrifos ranging 

from 10 to 150 mg l-1 (Fig. 4.25; R2 = 0.96), suggesting that the degradation is subjected to 

the first-order kinetics. Substrate (chlorpyrifos) concentration beyond 150-250 mg l-1, 

showed inhibitive effect on degradation capability of Enterobacter sp. SWLC2 as 

degradation rate decreased at these concentrations. The degradation rate of chlorpyrifos at 

levels of 10, 50 100, 150, 200 and 250 were found to be 0.2, 2.30, 5.14, 6.18, 2.25 and 1.59 

mg l-1  day-1 within 18 days of incubation respectively (Table. 4.5). The maximum rate of 

degradation was observed at concentration between 100 and 150 mg l-1. 

The growth of Enterobacter sp. SWLC2 was also monitored by recording the optical 

density (OD) of the culture at λ600 at different time intervals. Data shown in Fig. 4.26 

revealed that growth of bacteria also varied with initial chlorpyrifos concentration. In case of 

initial concentrations 10 mg l-1, there was a non significant increase in bacterial growth with 

time, whereas, substantial increase in growth of Enterobacter sp. SWLC2 was observed at 

initial concentrations of 50, 100 and 150 mg l-1. Further increase in chlorpyrifos 

concentration (200 and 250 mg l-1) resulted in no or insignificant growth of Enterobacter sp. 

SWLC2.  
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    Fig. 4.24. Rate of biodegradation of chlorpyrifos at different initial concentrations  
 

 

 
   Fig.  4.25.  Relationship between rate of biodegradation and different initial  

         concentrations of chlorpyrifos 
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Table. 4.5. Kinetic data of chlorpyrifos degradation at different initial concentrations  

       by Enterobacter sp. SWLC2 at pH 7 and 30 ₒC. 
 
 

Chlorpyrifos concentration 

(mg l-1) 

Biodegradation rate,  

(mg day-1) 

R2 

10 0.20 0.960 

50 2.30 0.920 

100 5.14 0.943 

150 7.0 0.939 

200 1.7 0.980 

250 0.4 0.975 

 

 

 
Fig. 4.26. Growth of Enterobacter sp. SWLC2 with time at different initial  

     concentrations of chlorpyrifos 
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Study V 
 
4.6. Characterization and identification of selected chlorpyrifos degrading  

       bacteria  

Out of 32 strains, four strains designated as, SWLC2, SWLH2, SGB2, and SWLC1 

were selected for optimization studies due to their relatively rapid and prolific growth and 

high degrading efficiency. Morphological, cultural and biochemical studies were carried out 

and are listed in the Table.4.6. 

The efficient four strains (SGB2, SWLC1, SWLC2 and SWLH2) were Gram negative 

bacteria and they exhibited catalase and phosphatase activities but no urease activity was 

observed. Other biochemical traits varied with the type of strain. These strains were further 

characterized by partial sequencing of the 16S rRNA gene.  

Analysis of 16S rRNA sequences coming from the four strains was carried out by 

using the nucleotide Basic Local Alignment Search Tool (BlastN). BlastN analysis showed 

that the three strains SGB2, SWLC1 and SWLC2 belonged to family Enterobacteriacea and 

were most closely related (> 97 % sequence identity) to Enterobacteriaceae bacterium v450 

(Ac. No. EF088377), Enterobacter cloacae strain FR (Ac. No. JF894166) and Enterobacter 

sp. TSE38 (Ac. No. HM156134), respectively. The fourth chlorpyrifos degrading strain 

SWLH2 was found to belong to family Rhizobiaceae. The highest degree of similarity (>97 

%) of this sequence was obtained with 16S rRNA gene sequence of Agrobacterium sp. 

VIBA-4 (Ac. No. GU784791). To identify the phylogeny of the isolates, strains from 

different genera were chosen to construct the phylogenetic tree based on 16S rRNA 

sequences (Fig. 4.27). The phylogenetic tree showed inter-relationship of SGB2, SWLC1, 

SWLC2 and SWLH2 with closely related species of the genus and other related genera 

inferred from 16S rRNA sequences. GenBank accession numbers are given in brackets. 

Bootstrap values greater than 850 are marked as black circles. The phylogenetic distance is 

shown on a scale bar. 

The Phylogenetic analysis also revealed that the bacterial strains SGB2, SWLC1 and 

SWLC2 were grouped (i.e. bootstrap > 900 %) in a cluster of several Enterobacter spp., 

whereas, the strain SWLH2 was grouped in a cluster of α–Proteobacteria including 

Agrobacterium sp. Based on the BlastN analysis and the phylogenetic relationship, the strains  
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Table. 4.6. Biochemical characteristics of four selected efficient chlorpyrifos degrading strains. 

 

Sr,No Test SGB2 SWLC1 SWLC2 SWLH2
1 Gram’s reaction - - - - 

2 Shape small 
rods 

small 
rods 

small 
rods 

short 
rods 

2 Motility + - + + 

3 Indole test + + - - 

4 Methyl red + + - - 

5 Voges-Proskauer test + + + + 

6 Catalase + + + + 

7 Citrate utilization - - + + 

8 Oxidase + - + + 

9 Urease - - - - 

10 Nitrite reduction + + - + 

11 Casein  hydrolysis - - - - 

12 Starch hydrolysis - - + + 
 

13 Growth on MacConkey agar +LF +NLF +NLF +NLF 

14 Phosphatase + + + + 

15 Utilization of glucose and manitol as 
carbon source 

+ + + + 

16 Utilization of arginine, alanine and lysine 
as nitrogen sources 

+ + + + 

17 H2S Production - - + + 

 

*The Values are average of three replicates 
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Fig. 4.27.  Phylogenetic tree showing inter-relationship of bacterial strains with closely  
      related species of the bacteria inferred from 16S rRNA sequences. Tree was  
      generated using the Neighbor-Joining method. Accession number of each type  
      strain is shown in parantheses and the phylogenetic distance is shown on a       
      scale bar. 
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SGB2, SWLC1, SWLC2 and SWLH2 were named as Enterobacter sp. SGB2, Enterobacter 

sp. SWLC1, Enterobacter sp. SWLC2 and Agrobacterium sp. SWLH2 respectively. 
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DISCUSSION 

 

The present study reports the isolation, screening, identification of highly efficient 

bacterial strains from different sites of Punjab, Pakistan capable of chlorpyrifos-degradation. 

The relationship between biodegradation potential of bacterial strains and their growth in 

response to biodegradation was also investigated by using chlorpyrifos as sole carbon source 

in the mineral salt medium. Furthermore, different factors affecting chlorpyrifos 

biodegradation were optimized for the most efficient isolate, Enterobacter sp. SWLC2 to 

explore its maximum biodegradation potential.  

Out of a total of 50 isolated bacterial strains, 32 were tested for their biodegradation 

capability in a culture medium containing chlorpyrifos as the carbon and energy source. 

Biodegradation of chlorpyrifos continued gradually throughout the incubation period (18 

days) as examined by the HPLC -UV system. The tested strains showed great variation in 

their degradation potential in broth culture. Out of these 32 strains, four strains showing 

maximum biodegradation were selected. These selected strains, (Enterobacter sp. SWLC1, 

Enterobacter sp. SGB2, Agrobacterium sp. SWLH2 and Enterobacter sp. SWLC2) exhibited 

biodegradation potential between 81 to 92% of the spiked amount of chlorpyrifos             

(100 mg l-1) in broth culture within 18 days of incubation. These four most efficient strains 

(SWLC2, SWLH2, SGB2 and SWLC1) were characterized and identified by biochemical 

tests and 16S rRNA gene sequence analysis respectively and represented two genera 

including Enterobacter (SGB2, SWLC1 and SWLC2) and Agrobacterium (SWLH2). These 

gram negative bacteria showed catalase and phosphatase activities positive. It is very likely 

that the presence of catalase and phosphatase characters in these strains might have played a 

vital role in the biodegradation of chlorpyrifos either through metabolic versatilities or 

promotion of cellular growth. The alkaline phosphatase enzyme purified from Spirulina 

platensis has been reported to be helpful in degradation of chlorpyrifos (Thengodkar and 

Sivakami, 2010). The bacteria belonging to these two genera have been documented 

previously as efficient degraders of a wide range of organophosphates group of pesticides 

and recalcitrant compounds both in water and soil environments (Horne et al, 2002; Yang et 

al., 2003; Singh et al., 2004). Contribution of abiotic degradation was only up to 15% of the 

spiked amount.  
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A positive correlation (R2=0.98) was observed between cell densities (an indicator of 

growth) of the bacteria and biodegradation of chlorpyrifos which reveals that the 

biodegradation was a growth-linked process. In most of the previous studies, it has been 

investigated that chlorpyrifos degradation by bacteria was co-metabolic (Serdar et al., 1982; 

Mallick et al., 1999; Guha et al., 1997; Horne et al., 2002). A good number of the attempts to 

isolate bacteria using chlorpyrifos as sole source of carbon have not been successful (Racke 

et al., 1990; Mallick et al., 1999). Although, recently Singh et al. (2004) and Li et al. (2007) 

have isolated some bacterial strains which could use chlorpyrifos as sole source of carbon. 

These isolates could transform chlorpyrifos to TCP which has antimicrobial properties and 

may prevent the proliferation of chlorpyrifos degrading microorganisms (Racke et al., 1990). 

According to Singh et al. (2004), Enterobacter which is an efficient chlorpyrifos degrader 

hydrolyzes chlorpyrifos and utilizes a part of the compound, diethylthiophosphoric acid 

(DEPT) as the sole source of carbon and this bacterium possesses organophosphorus 

hydrolase enzyme responsible for degradation of organophosphates. 

It was also observed that initially there was a transient accumulation of TCP (3,5,6-

trichloro-2-pyridinol, a metabolite of chlorpyrifos) which disappeared quickly. This indicates 

that the tested bacterial strains were also capable of utilizing TCP. This premise of TCP 

degradation is also supported by the bacterial growth which was increasing proportionally 

with biodegradation, signifying the absence of TCP which has antimicrobial properties 

(Racke et al., 1990). Biodegradation of chlorpyrifos by four strains was optimal at 30 oC with 

incubation at pH 7 under shaking conditions. Such incubation conditions have been reported 

to favor bacterial growth, which result in an accelerated degradation of the substrate (Yang et 

al., 2006; Abo-Amer, 2011). This premise is supported by the results obtained from this 

study, which indicated a greater cell biomass (bacteria cell densities) in liquid culture under 

these incubation conditions.  

Biodegradation of an organic pollutant like chlorpyrifos is largely dependent on its 

bioavailability which in turn linked with its solubility. Solubility of chlorpyrifos is very low 

(2 mg l-1) in water (Kidd and James, 1991, Racke, 1993) and provides a limited carbon to 

microbes in the media, which limits the biodegradation rate in aqueous system (Volkering et 

al., 1998; Singh et al., 2003; Singh and Walker, 2006). In order to overcome bioavailability 

problem, we used surfactant based chlorpyrifos which increased the solubility of this 
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insecticide in liquid media. Surfactants potentially improve partitioning of hydrophobic 

compounds in aqueous phase by forming emulsion and thus bioavailability of these 

compounds to their potential degraders is enhanced (Noordman and Janssen, 2002). This 

facilitates biodegradation of chlorpyrifos in soil by increasing the bioavailability of 

chlorpyrifos for the growth and metabolism of bacteria (Bobiles et al., 2010) in aqueous 

media. It is clearly understood that the extraction procedure for the determination of residual 

chlorpyrifos needs thorough and careful review. Partial or incomplete extraction may be 

responsible for over estimates of biodegradation in some of the repeated cases. 

Furthermore, the biodegradation rate observed in this study was relatively higher than 

previously reported findings (Mallick et al., 1999; Vidya-Lakshmi et al., 2008; Kulshrestha 

and Kumari, 2011). This could be due to the growth linked biodegradation. This hypothesis 

is also supported by Mallick et al. (1999) who reported that Arthrobacter sp. which uses 

chlorpyrifos as sole carbon source exhibited rapid biodegradation of chlorpyrifos in liquid 

medium than Flavobacterium sp. which did not grow in response to chlorpyrifos 

biodegradation.  

Among these four strains, Enterobacter sp. SWLC2 was found most efficient in 

biodegradation of chlorpyrifos and was selected for further studies. This strain was then 

optimized in broth as well as in soil slurry under different conditions. Various factors such as 

temperature, pH and texture etc. affect the environmental fate of organic pollutants including 

pesticides in soil and water. Accordingly, biodegradation of chlorpyrifos in liquid culture and 

in soil slurry under laboratory conditions was used as a model study to analyze the effect of 

different factors on biodegradation of chlorpyrifos by isolated bacteria Enterobacter sp. 

SWLC2.  

Effectiveness of bioremediation process also depends on several other factors, such as 

the competitive ability of the bioremedial agents, bioavailability of pollutants, and abiotic 

factors such as soil moisture, pH and temperature (Goldstein et al., 1985; Geer and Shelton, 

1992; Gunalan and Fournier, 1993; Van Veen et al., 1997; Alexander, 2000). Initial 

optimization of environmental parameters is essential for successful bioremediation. 

Biodegradation of chlorpyrifos was investigated in different textured soils in soil 

slurry. It was observed that biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was 

more in sandy and sandy loam soils than clay loam soil. This might be due to more 
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adsorption of chlorpyrifos on clayey soil than sandy loams, and clay content affect the 

persistence and degradation of chlorpyrifos (Sharom et al., 1980; Racke, 1993; Racke et al., 

1996; Gold et al., 1996). This adsorption/sorption limits the bioavailability of chlorpyrifos 

for biodegradation in clayey soil as compared to sandy soils (Singh et al., 2006). Among 

these soils, loamy soil was selected for further studies in soil slurry experiments due to its 

medium textured nature as soils of Punjab are mostly loam in texture. Different factors (both 

abiotic and biotic) were optimized in spiked loam soil slurries for accelerated biodegradation 

of chlorpyrifos.  

Soil water ratio significantly influenced the degradation of chlorpyrifos by 

Enterobacter sp. SWLC2 and it plays important role in availability of chemicals and also for 

proliferation and movement of bacteria (Barles et al., 1979). Increase in soil contents 

decreased the biodegradation of chlorpyrifos. This might be due to increased adsorption of 

pesticides on soil colloids that leads to decrease in bioavailability of xenobiotics to the 

microbes (Kumar and Philip, 2006). To our knowledge this is the first study reporting the 

effect of soil texture and soil contents on biodegradation of chlorpyrifos. 

Results revealed that Enterobacter sp. SWLC2 showed maximum biodegradation of 

chlorpyrifos at pH 7, 30 oC, under shaking conditions with inoculum size of 800 μl in broth 

culture.   

Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 at different pH 

demonstrated that like other strains, maximum biodegradation in broth and in soil slurry 

occurred at initial alkaline pH 7. Pesticide biodegradation by bacterial isolates had been 

markedly influenced by soil pH. Mostly bacterial cultures prefer neutral to slightly alkaline 

conditions than acidic conditions for their normal growth (Alexander 1977; Sylvia et al. 

2005). Under these conditions bacteria exhibit their maximum microbial activities that results 

in more degradation. At acidic pH slowing of degradation of chlorpyrifos was more 

prominent. Maximum chlorpyrifos biodegradation at about neutral pH value has also been 

previously reported by few researchers (Karpouzas and Walker, 2000b; Vidali, 2001, Yang et 

al., 2005, 2006; Abo-Amer, 2011).  

The rate and extent of bioremediation is affected by temperature which is another 

important abiotic factor that influences microbial activity. The biodegradation of chlorpyrifos 

by Enterobacter sp. SWLC2 was increased with increase in incubation temperature from 20-
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30 oC in both broth and soil slurry but most rapid was at temperature of 30 oC. This might be 

due to best biotic activity of the bacteria cell under these incubation conditions. These results 

are inconformity with previous findings which revealed that most members of the family 

Enterobacteriaceae grow well at a temperature range of 25 °C-30 °C (Xu et al., 2007; Qian 

et al., 2007). Organophosphates biodegradation at this temperature has also been reported by 

few researchers (Yang et al., 2006; Xu et al., 2007; Qian et al., 2007). At high pH and 

temperature, the higher abiotic degradation may be due to chemical hydrolysis as both 

conditions favor the hydrolysis of organophosphates (Rack, 1993; Baskaran et al., 1999).  

 Biodegradation of chlorpyrifos in broth and soil slurry was investigated both under 

static and shaking conditions. The biodegradation under shaking conditions was more evident 

over static conditions. It is generally believed that shaking enhances incorporation of 

dissolved oxygen in the broth or might be due to physico-chemical degradation coupled with 

better availability of chlorpyrifos (substrate) to the microbes (Nazli et al., 2003; Hussain et 

al., 2007; Arshad et al., 2008) or  enzyme system involved in biodegradation might required 

aerobic conditions. The abiotic degradation was less under static conditions than under 

shaking conditions, which may imply that agitation condition is relatively more conducive 

for chemical or physical degradation of chlorpyrifos as well.  

Similarly inoculum size also plays vital role in the effectiveness of bioremediation 

process of pesticide contaminated sites (Ramadan et al., 1990). Our results also revealed the 

inoculum density had an obvious effect on degradation of chlorpyrifos in broth as well as in 

soil slurry. Biodegradation of chlorpyrifos in broth and soil slurry increased by increasing 

inoculum size of Enterobacter sp. SWLC2 from 100 to 800 µl (OD600 = 0.80). There was no 

significant change in biodegradation of chlorpyrifos when the inoculum size was increased 

from 800-1000 µl. It is highly likely that the reaction system might get saturated with 

degrading bacteria or enzymes at an inoculum size of 800 µl. This fact is supported by the 

observations made by Awasthi et al. (2000) and Arshad et al. (2008) who reported no 

increase in biodegradation of endosulfan with increasing inoculum size above a certain limit. 

It was observed that when lower inoculum densities were used, the small number of bacteria 

take time to grow and this resulted in longer lag phase to degrade chlorpyrifos. Similar 

results were reported by Ramadan et al. (1990); Comeau et al. (1993) and Karpouzas and 

Walker, (2000b).  
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Effect of additional carbon sources (glucose, yeast extract, manitol and nutrient broth) 

was also investigated in broth as well as in soil slurry. It was observed that glucose and yeast 

extract enhanced the biodegradation of chlorpyrifos in broth as well as in soil slurry from the 

12th day of incubation. Initially, the slow rate of biodegradation in the presence of additional 

carbon sources can be credited to the fact that bacterial isolates adopted easily available and 

rich carbon sources and utilized them preferentially. After utilization of readily available 

carbon source, the bacteria switched to utilize the pesticides. This approach provides the 

bacterial isolates with a competitive benefit by which they are able to utilize both less 

available and readily available carbon sources (Singh et al., 2006). These results contrast 

with previous findings of Karpouzas and Walker (2000a, b), Xu et al. (2008), Cycon et al. 

(2009) and Anwar et al. (2009) where addition of carbon sources accelerated the rate of 

biodegradation. This might also depends on the concentration of carbon source used by these 

researchers. 

Addition of amino acids (alanine, lysine and arginine) in broth as well as in soil slurry 

suppressed the chlorpyrifos biodegradation by Enterobacter sp. These amino acids served as 

alternate sources of carbon and nitrogen and similar behavior was observed with the nutrient 

broth which provided the vitamins and amino acids to Enterobacter sp. SWLC2 for 

chlorpyrifos biodegradation. Therefore, this bacterium switched from chlorpyrifos to the easy 

source of carbon and nitrogen for growth and energy and the induction of enzymes 

responsible for the biodegradation of chlorpyrifos might be suppressed. These results are 

contradictory to previous findings of Li et al. (2007) who reported that supplementation of 

organic nitrogen improved the chlorpyrifos biodegradation. 

Role of organic acids was also observed in biodegradation of chlorpyrifos by 

Enterobacter sp. SWLC2 in broth media as well as in soil slurry. Among these acids, 

succinic acid and citric acid supported biodegradation of chlorpyrifos by Enterobacter sp. 

before 12th day of incubation in liquid culture. But in soil slurry, succinic acid followed by 

citric acid showed enhanced effect on biodegradation of chlorpyrifos by Enterobacter sp. 

SWLC2 after the 12th day of incubation. This might be due to the fact that organic acids 

supported the growth and activity of the Enterobacter sp. SWLC2 or these acids provide 

organic carbon as an energy source for the growth of the bacteria responsible for 

biodegradation of chlorpyrifos. 
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In this study, biodegradation kinetic of chlorpyrifos was highly dependent upon its 

initial concentration. At lower concentration of 10 mg l-1, biodegradation rate was lower as 

compared to the other high concentrations. This concentration was expected to be very low to 

support the population growth of Enterobacter sp. SWLC2. This is further supported by the 

fact that at this concentration, there was no significant increase in bacterial density. As the 

concentration increased from 10 mg l-1 to about 150 mg l-1, biodegradation rate [V] also 

increased. As the concentrations of chlorpyrifos increased from 10 to 150 mg l-1 (R2 = 0.96), 

a  linear relationship was observed between the concentration of substrate and degradation 

rates (mg day-1), suggesting that the degradation is subjected to the first-order kinetics. This 

was perhaps due to the ample supply of carbon for the growth of proliferating population 

which was also supported by increasing optical densities at these concentrations. As the 

concentration increased beyond 150 mg l-1 to 250 mg l-1, the rate of degradation decreased. 

This might be due to the inherent toxicity of the substrate (chlorpyrifos) at higher 

concentration or accumulation of antimicrobial metabolites. Therefore, initial concentration 

of chlorpyrifos is very important in determining the rate of chlorpyrifos biodegradation by 

Enterobacter sp. SWLC2. These results are inconformity with other researchers (Karpouzas 

and Walker, 2000b; Liu et al., 2002; Yang et al., 2005; Wang et al., 2006c; Hong et al., 

2007. Fulekar and Geetha, 2008). The difference in degradation performance of different 

strains to chlorpyrifos may be credited to factors like microbial activity, incubation 

conditions and degradation pathway etc. (Fang et al., 2008). These findings are in contrary to 

that of Singh et al. (2004) and Anwar et al. (2009). 

In case of controls, at all the initial concentrations of chlorpyrifos, degradation of 

chlorpyrifos was very slow. A slight difference in abiotic degradation kinetics at different 

initial concentration of chlorpyrifos was observed. This slow abiotic degradation of 

chlorpyrifos may be due to its chemical hydrolysis (Getzin, 1981; Racke et al., 1996; Zamy 

et al., 2004; Hui et al., 2010).  

In all experiments, utilization of chlorpyrifos by the strains was accompanied by a 

parallel increase in optical densities of broth implying that removal of this pesticide from the 

growth medium was a growth linked biodegradation. These results also highlighted the 

potential of this bacterium, Enterobacter sp. SWLC2 to be used in the detoxification 

strategies of chlorpyrifos contaminated water and soil environments. It is further concluded 
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that the activity of this inoculated bacteria is influenced by various factors such as pH, 

temperature, substrate concentration, size of inoculum, etc. These factors/conditions should 

be fully investigated before application of successful bioremediation in the field. 
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SUMMARY 

The use of organophosphorus insecticides is progressively increasing in world 

agriculture. Chlorpyrifos, an insecticide, is extensively used in Pakistan and its application in 

heavy tonnage is polluting different components of the environment and consequently, it may 

get into food chain and human blood. Due to acute and chronic dietary exposures to 

chlorpyrifos, increasing health problems has drawn the public interests to its clean up. In 

Pakistan these alarming situations of organophosphate poisoning necessitates the use of 

strategies to cleanup or detoxify chlorpyrifos (organophosphates) residues in contaminated 

soil and water environment. These strategies or cleanup methods should be cost-effective, 

efficient and reliable. Exploration of efficient chlorpyrifos-degrading bacteria to clean-up this 

toxicant is of immense importance. Keeping in view all these facts, a study was planned and 

a series of experiments was conducted and results are summarized as under: 

 Bacteria with chlorpyrifos-degrading potential were isolated from fourteen 

soil and three water samples collected from specific sites of Pakistan through 

enrichment culture technique. Out of total, 32 bacterial strains were selected 

to test their biodegradation potential using chlorpyrifos as sole carbon source. 

These strains considerably differed in their potential to degrade chlorpyrifos in 

broth culture from 25% to 92% of the spiked amount (100 mg l-1) within 18 

days of incubation. The chlorpyrifos utilization as a carbon source was 

accompanied by increase in optical densities (OD600) of the broth ranging 

from 0.28 to 0.78. Abiotic degradation up to 15% of the spiked amount was 

noticed. 

 The isolates from Sargodha and Sahiwal soils proved to be the most promising 

strains responsible for chlorpyrifos biodegradation. Four most efficient 

bacterial strains were identified by 16S rRNA as Enterobacter sp. SGB2, 

Enterobacter sp. SWLC1 Enterobacter sp. SWLC2 and Agrobacterium sp 

SWLH2 and these gram negative strains showed catalase and phosphatase 

activities positive but urease activity negative. These strains showed a high 

potential to degrade chlorpyrifos in liquid medium, which ranged from 

81−92% in 18 days. 
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 Biodegradation of chlorpyrifos by four strains was found maximum with 

incubation at 30 oC, pH 7 under shaking conditions. Among these four strains, 

Enterobacter sp. SWLC2 was found most efficient in biodegradation of 

chlorpyrifos and was selected for further studies. This strain was then 

optimized in broth as well as in soil slurry under different conditions. 

   Enterobacter sp. SWLC2 showed maximum biodegradation of chlorpyrifos 

at pH 7, 30 oC, under shaking conditions with inoculum size of 800 μl in broth 

culture. 

 Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 in different 

textured soils also varied. In course textured soils, degradation was more rapid 

than in fine textured soil. Among these soils, loamy soil was selected for 

further experiments in soil slurry study due to its medium textured nature as 

soils of Punjab are mostly loam in texture. An incubation temperature of 30oC, 

initial inoculum size of 800 μl (OD= 0.80) under shaking conditions and 

initial pH 7 of soil slurry of loam soil were found optimal conditions for 

maximum biodegradation of chlorpyrifos by Enterobacter sp. SWLC2. 

 Exogenous application of sugars, yeast extract, manitol, organic acids and 

amino acids had stimulatory or inhibitory effects on biodegradation of 

chlorpyrifos by Enterobacter sp. SWLC2. Among these, glucose, yeast 

extract, succinic acid and citric acid had stimulatory effects on biodegradation 

of chlorpyrifos in broth culture as well as in soil slurry. 

 Biodegradation of chlorpyrifos by Enterobacter sp. SWLC2 was also checked 

at different initial concentrations of chlorpyrifos from 10-250 mg l-1 over a 

period of incubation by measuring its disappearance. Rate of biodegradation 

increased with increase in initial concentration from 10 to 150 mg l-1. 

Maximum rate of biodegradation was monitored at concentration of 100-150 

mg l-1. As the concentration increased from 150-250 mg l-1, rate of 

biodegradation decreased showing inhibitory effect of high concentration on 

growth and biodegradation. In all experiments, utilization of chlorpyrifos by 

the strains was accompanied by a parallel increase in optical densities of broth 
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implying that removal of this pesticide from the growth medium was a growth 

linked biodegradation. 

 The results of this study highlighted the capability/potential of the bacterium, 

Enterobacter sp. SWLC2 to be used in the detoxification strategies of 

chlorpyrifos contaminated water and soil environments. It is also indicated 

that through bioaugmentation of liquid media and soil slurry, successful 

biodegradation of chlorpyrifos can be achieved under optimized conditions 

such as pH, inoculation, aeration, moisture content and additional organic 

sources. 

 This treatment technology should have practical application for cleanup of 

contaminated sediments, waters and soils and particularly useful in soils that 

are highly contaminated with concentrations that can support the growth and 

activity of the inoculated bacterium.  
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Concluding remarks and future directions 

Soil microorganisms, particularly bacteria exhibit a lot of potential to degrade 

pesticides. Hyperactive chlorpyrifos degrading microorganisms were successfully isolated by 

enrichment with chlorpyrifos as carbon source. In this dissertation, highly efficient bacterial 

strain Enterobacter sp. SWLC2 successfully degraded chlorpyrifos in liquid culture and in 

soil slurry. This bacterium performed well over a wide range of environmental conditions 

like pH, temperature, agitation etc. in liquid culture and in soil slurry. The outcome of this 

research may have practical applications in bioremediation of chlorpyrifos contaminated soil, 

waste dump, industrial effluents and water environments. For the successful application of 

bioremediation of chlorpyrifos contaminated sites, more research is required for the better 

understanding of the capability of microorganisms under different environmental conditions. 

The use of microbial strains for bioremediation needs an understanding of all physical 

biochemical and genetic aspects involved in biochemical transformations. Future research 

should be focused on explanation of the specific mechanisms involved in pesticides 

biodegradation by the microorganisms. Time is needed to study degradative enzymes and 

their pathways. Future research should be focused on explanation of the specific mechanisms 

involved in pesticides biodegradation by the microorganisms. The mechanisms for transport 

of pesticide into the cell, degradation pathways, induction and regulation of degradative 

enzymes should be studied. This would help better designing the engineered systems for 

remediation of chlorpyrifos contaminated sites. To develop a cleanup strategy for 

contaminated sites, better engineering and designing of remediation processes are essential. 

The efforts should be focused to identify gene or enzymes responsible for biodegradation of 

chlorpyrifos and to develop a standard physical product to get real bonanza of this 

technology. Bench scale and field studies should be conducted on the practical use of these 

microbes in cleaning up chlorpyrifos contaminated soil and water environments to promote 

this technology. 
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