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SUMMARY 

Different pesticides such as chlorpyrifos (CP; organophosphates) and cypermethrin (CM; 

pyrethroids) have been in widespread use since many decades for insect control. However, 

these pesticides are toxic to mammals, aquatic life and are persistent in environment. The 

harmful effects of pesticides necessitate their removal from contaminated sites and 

biodegradation using indigenous microbes promises cost-effective removal of toxicants. 

Samples from Pakistani agricultural soils with extensive history of organophosphate and 

pyrethroid application were used to prepare enrichment cultures using CP or CM as sole 

carbon source. After dilution plating of enrichment cultures eighteen pesticide degrading 

isolates were obtained for each pesticide. Screening was carried out on the basis of growth on 

gradient plate, minimum inhibitory concentration of pesticides and percentage degradation of 

pesticides to get isolates with highest CP or CM degradation potential. Screening resulted in 

selection of ten CP-degrading isolates (LCp2, LCp4, LCp5, LCp8, LCp9, LCp10, JCp4, 

MCp3, MCp4 and FCp1) and ten CM-degrading isolates (LCm3, JCm1, JCm2, JCm5, JCm7, 

MCm4, MCm5, FCm2, FCm9 and RCm2) for further studies. CP-degrading isolates utilized 

73-84.4% of CP while CM-degrading isolates used 60-100% of CM  at 100 mgL
-1

 

concentration. These isolates showed resistance to various antibiotics and heavy metals. After 

biochemical and molecular characterization CP-degrading isolates were identified as 

Pseudomonas putida LCp2, Acinetobacter calcoaceticus LCp4, Stenotrophomonas 

maltophilia LCp5, Pseudomonas mendocina LCp8, Pseudomonas aeruginosa LCp9, 

Sphingomonas sp. LCp10, Achromobacter xylosoxidans JCp4, Pseudomonas oryzihabitans 

MCp3, Paracoccus sp. MCp4 and Ochrobactrum FCp1. While CM-resistant strains were 

identified as Bacillus cereus LCm3, Ochrobactrum anthropi JCm1, Bacillus megaterium 

JCm2, Rhodococcus sp. JCm5, Ochrobactrum haematophilum JCm7, Paracoccus sp. MCm4, 

Acinetobacter calcoaceticus MCm5, Bacillus megaterium FCm2, Brevibacillus parabrevis 

FCm9 and Sphingomonas sp. RCm2. 

Pesticide degradation kinetics revealed that CP was degraded by bacterial strains at the rate of 

4.9 (Sphingomonas sp. LCp10) to 7.9 (A. xylosoxidans JCp4) mg L
-1

 d
-1 

while CM 

degradation by bacterial isolates varied from 5.8 (B. cereus LCm3) to 12.15 (B. brevibacillus 

FCm9) mg L
-1

 d
-1

 in mineral salt medium. CP and CM-degradation rate constant (k) by 

bacterial strains ranged 0.077-0.16d
-1

 and 0.084-0.368d
-1

, respectively. The half-life (T1/2) 

values of CP and CM-degradation ranged from 4.33-8.66 (P. putida LCp2) days and 1.88 (B. 
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parabrevis FCm9) to 8.25 (B. cereus LCm3) days, respectively. HPLC analysis of CP-

degradation and metabolites indicated that first step of metabolic pathway is hydrolysis of 

O=P ester linkage to produce 3,5,6-trichloro, 2-pyridinol and diethyl thiophosphoric acid. 

Cypermethrin was catabolized by hydrolysis of ester linkage to yield 3-Phenoxybenzoic acid 

and an unknown metabolite. Addition of glucose and succinate as a supplementary C source 

significantly enhanced CP and CM degradation. The degradation of pesticides was observed 

at wide range of pH (5-9) and temperature (25-40˚C) and maximum degradation was 

observed at pH7 and 30˚C. Cross feeding studies revealed that CP-degrading strains A. 

calcoaceticus LCp4, P. aeruginosa LCp9, Sphingomonas sp. LCp10 A. xylosoxidans JCp4 

and Ochrobactrum sp. FCp1 were able to degrade carbofuran and cypermethrin along with 

various OPs. CM-degrading O. anthropi JCm1 and Rhodococcus sp. JCm5 and O. 

haematophilum JCm7  degraded various SPs as well as carbofuran and CP.  

Bacterial community analysis via denaturing gradient gel electrophoresis revealed that the 

prominent genera in CP enrichment cultures were Pseudomonas, Acinetobacter  

Stenotrophomonas, Sphingomonas and Burkholderia. Phylogenetic tree showed a shift in 

microbial community composition of CP-enrichment culture from a complex community 

structure with members of Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria at 

initial steps to less complex composition with only members of Proteobacteria during later 

stages. CM-enriched culture sustained its composition throughout enrichment duration and no 

drastic change was observed in its structure. In both enrichments, most of the prominent 

bands that were selected as a result of continual selection pressure showed 96-100% 

homology to respective pesticide degrading isolates; it confirmed that these isolates were 

among dominant members of enrichment population.  

Quantification of total protein content revealed that pesticide treated cells had high protein 

content than control cells that were grown with methanol. CP-degrading strains when grown 

on CP as C source yielded 14.5-23.5% high protein content compared to methanol growing 

cells. An increase of 20.9-31.4% was observed in protein content of CM-degrading bacterial 

cultures compared to when grown on methanol, Overall the enzyme assays concluded that 

enzymes for CP or CM utilization were inducible and showed activity upon exposure to these 

pesticides. Specific activities recorded for organophosphate hydrolase responsible for CP 

degradation in induced cells ranged from 0.76 (P. putida LCp2) to 1.25 (A. xylosoxidans 

JCp4) Umg
-1 

protein. Specific activities of enzymes involved in CM-degradation from 

different strains varied from 0.68 (B. cereus LCm3) to 0.911 (B. parabrevis FCm9) U mg
-1
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protein for carboxylesterase, 1.80 (B. megaterium FCm2) to 2.26 (B. parabrevis FCm9) U 

mg
-1

 protein for 3-PBA dioxygenase, 3.95 (B. cereus LCm3) to 4.77 (Rhodococcus sp. JCm5) 

U mg
-1

 protein for phenol hydroxylase and 3.05 (B. cereus LCm3) to 3.62 (B. parabrevis 

FCm9) U mg
-1

 protein for Catechol-1,2 dioxygenase. Comparative proteome analysis of 

pesticide-treated and non-treated cells revealed interesting results such as induced expression 

or inhibition and enhanced or reduced expression of some proteins. Among the different 

bands some might correspond to pesticide hydrolases and others may relate to changes in 

membrane structure for uptake of molecules or stress response proteins. The appearance of 

~35 kDa band in CP-induced cells might correspond to OP degrading hydrolase (OPH). A set 

of de novo induced proteins were observed in whole-cell protein profiles of CM induced 

bacteria. Some of these polypeptides such as ~35, 32, 30, 20, 18, 12.5 and 10 kDa were 

common among different strains. These induced proteins might correspond to enzymes 

responsible for cypermethrin and metabolite degradation. The presence of inductive proteins 

(degradative enzymes and other proteins) in selected strains opens way for further research 

where response of microbial cells to pesticide induction can be identified using state of the art 

proteomic techniques. The key gene involved in CP-degradation in isolated strains was 

homologus to mpd gene.  

Six of each CP (LCp4, LCp5, LCp8, LCp9, JCp4 and FCp1) and CM (JCm1, JCm2, JCm5, 

MCm5, FCm9 and RCm6) degrading strains with highest degradation potential were selected 

for soil bioremediation studies. Soil degradation studies revealed that selected CP-degrading 

strains were capable of degrading CP in sterile (77.5-100%) and non sterile soils (90.6-100%) 

at rate of 3.69-4.57 mg kg
-1

 d
-1 

and 4.31-4.76 mg kg
-1

 d
-1

, respectively. Similarly, CM 

degradation was carried out by CM-degrading strains in sterile soil (80.4-100%) at rate of 

3.76-4.68 mg kg
-1

 d
-1

 and non-sterile soils (88.3-100%) at rate of 4.13-5.63 mg kg
-1

 d
-1

. The 

difference in degradation kinetics of pesticides in liquid and soil can be due to influence of 

higher pesticide concentration in soil and various soil parameters such as soil moisture, 

organic content and soil structure. 

The  bacterial strains with highest CP (LCp4, LCp9, JCp4 and FCp1) and CM (JCm5, 

MCm5, FCm9 and RCm6) degradation potential in soil were also studied for presence of 

plant growth promoting (PGP) activities such as indole acetic acid (IAA) production, 

ammonia production and phosphate solubilization. Indole acetic acid production by different 

strains ranged from 9.3-18.4 µg mL
-1

, 12.7-22.5 µg mL
-1 

and 16.5-27.3
 
µg mL

-1
 at 50, 100 

and 150 µg mL
-1 

of tryptophan. Phosphate solubilization zone by different strains ranged 
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from 10-17 mm and ammonia production was also positive by all strains except LCp9. The 

effect of different concentrations of CP and CM (100 and 200 mg L-1) on PGP activities was 

also studied. IAA production and phosphate solubilization were reduced upto 2.65-23% and 

4-23% in presence of CP (100-200 mgL
-1

). In presence of CM 9.8-15.1% reduction in IAA 

production and 9.1-14.7% in phosphate solubilization zone was observed at 200 mgL
-1

 

concentration.  

Reduced Vigna unguiculata (L.) Walp. growth was observed when seeds were grown in soil 

supplemented with 200 mg kg
-1

 of pesticides (CP or CM) compared to control plants (grown 

in non-supplemented un-inoculated soil). However, enhanced plant (V. unguiculata) growth 

was observed when soils were inoculated with CP or CM-degrading bacterial strains. CP-

degrading strains LCp4, JCp4 and FCp1 enhanced plant growth in terms of % germination 

(4.68%), plant height (43.6-59.6%) and plant weight (119.6-194%) compared to control 

plants. Similarly, CM-degrading strains JCM5, FCm9 and RCm6 significantly enhanced 

certain plant parameters such as plant height (70-210%) and plant weight (78.7-192.8%). 

Degradation of pesticides was also studied in planted soils inoculated with PGP bacterial 

strains. In CP supplemented planted soils A. calcoaceticus LCp4, A. xylosoxidans JCp4 and 

Ochrobactrum sp. FCp1 utilized 87.9, 93.3 and 88.9% of applied CP in 28 days and degraded 

it completely in 35 days. CM was also degraded at enhanced rate in planted soil; 

Rhodococcus sp. JCm5, B. parabrevis FCm9 and Sphingomonas sp. RCm6 degraded 87.65, 

92.2 and 84.7% of applied CM within 28 days and degraded it completely in 35 days. These 

bacterial strains possess not only pesticide degrading capacities that lower the toxic effects of 

these pesticides on plants but also various other traits that helped in plant promotion. 

Implying the efficient biodegradation potential along with multiple biological properties, 

these isolates can be valuable candidates for reclamation of pesticide polluted soils.  
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CHAPTER 1 

INTRODUCTION 

Pesticides, polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls and heavy metals 

belong to group of chemicals called Xenobiotics. Xenobiotics compounds are foreign to 

natural environment and are resistant towards biodegradation, which results in their 

persistence in the environment and bioaccumulation in food chain or biomagnifications in 

higher trophic levels (Thakur, 2006). The large scale production of xenobiotic compounds 

and excessive use of natural resources have generated diverse environmental evils such as 

contamination of air, aquatic and terrestrial ecosystems, injurious effects on different life 

forms (microbes, plants, animals and humans) and interruption of biogeochemical cycles. 

Xenobiotics such as pesticides can either be persistent, thus, provide long term exposure to 

non-target organisms e.g., lindane and DDT or biodegradable but mobile and noxious and 

thus are likely to pollute ground water and sediments, e.g., carbofuran (Singh and Walker, 

2006) 

Pesticides are chemical substances used to repel, injure, mitigate or exterminate pests. Target 

pests can include insects, herbs, weeds, fungi, mollusks or nematodes (Ortiz-Hernández et al., 

2013). Pesticide is a general term and includes a variety of chemicals with different uses yet 

directed towards destroying different life forms which are undesirable or harmful. Pesticides 

diversify in their chemical structure and physicochemical properties, mode of action and 

primary target tissues. There are more than hundred pesticides in common usage. Many of 

them are available in several formulations or under several trade names (Mohapatra, 2006). 

Pesticides can be classified by target organisms (e.g., herbicides, insecticides, algaecides, 

fungicides and rodenticides), chemical nature (organic, inorganic, synthetic or biological) and 

physical state (fumigants, dusts, suspended or volatile soultions) and mode of action (contact 

or stomach poisons). Pesticides can also be classified according to their chemical 

composition which allows to group pesticides in a uniform and scientific way. Prominent 

families include organochlorines, organophosphates, carbamates, pyrethroids, phenoxy 

herbicides, chloroacetanilides, and sulfonylurea, etc. (Table 1.1) (Mohapatra, 2006; 

Ramakrishnan et al., 2011; Ortiz-Hernández et al., 2013). Over the years pesticides have 

played a vital role in the dramatic increase in crop production, which has been achieved in the 

developed world in last few decades. 
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Table 1.1: Different classes of chemical pesticides and their examples (Mohapatra, 2006). 

Chemical group Commonly used pesticides 

Basic insecticides  Atrazine,  Benomyl, Cyanizine, Prometryn, Simazine. 

Carbamate insecticides Aldicarb, Carbaryl, carbofuran,Chloropofam. 

Organochlorines Aldrin, Dieldrin, Endrin, Endosulfan, heptachlor, HCH, 

DDT. 

organophosphates Diazinon, Dimethoate, Malathion, Parathion, Chlorpyrifos,  

Chlorfenvinfos, Phorate, Quinalphos. 

Pyrethroids Cypermethrin, Permethrin, Cyhalothrin, Fenvelerate, 

Bifenthrin, Deltamethrin, Bethrin. 

Phenyl urea Diuron, Flumeturon, Linuron. 

Hydroxyl acids Bromacil, Bomoxy, Dinoseb. 

Chlorinated hydrocarbon 

Organometalic compounds 

Carboxylic acids 

Amides and anilide 

Aminosulfonyl Acid 

Chlorothalonil, Methoxychlor. 

Ziram, Zineb, Mancozeb, Mameb. 

2,4-D, Dalapan, Dicamba. 

Propachlor, Alachlor, Metachlor, Propanyl. 

Chlorimuran, Chlorosulfuron, Metasulfuron. 

 

In many parts of the world excessive loss of food crops to insects and noxious weeds 

contributed to starvation where the use of chemicals for controlling these pests seems to have 

a favorable cost-benefit relationship. Pesticides are also used for controlling insects, rodents 

and other pests that are part of life cycle of vector borne diseases such as malaria, filariasis, 

yellow fever, typhus and viral encephalitis etc. The success of DDT in reducing the incidence 

of malaria in many parts of the world has been dramatic. Urban pest control such as mosquito 

and rodent control programs, weed control on highways on large scale and domestic use of 

pesticides by individual home owners and gardeners also involve application of toxic 

chemicals (Mohapatra, 2006).  

PESTTICIDES AND THEIR MAJOR CLASSES 

Many pesticides are used against insect pests and are termd as insecticdes. Many pesticidal 

compounds have been synthesized to control or eradicate different species of insects. These 

chemicals are used as sprays, aerosols, dusts, baits or fumigants. Pesticides in use today are 

mostly synthetic organic compounds and are usually nerve poisons. Their mode of action 
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depends upon inhibition of nerve enzymes or interaction with target sites important for 

functioning of insect’s nervous system (Rao, 2007; Ramakrishnan et al., 2011). On the basis 

of chemical composition and mode of action pesticides can be broadly classified as 

organophosphates, organochlorines, carbamates and pyrethroids (Table 1.2).  

Table 1.2: Different classes of pestiticides, their structure and mode of action. 

Class Name Structure  Structural explanation Mode of intoxication 

I Organo-

chlorines 
C, H, Cl 

C-Cl atom is v strong, 

doesn’t break down easily 
Dissolve in fat 

II 
Organo-

phosphates 
   

Esters or thiols of 

phosphoric, phosphinic, 

phosphonic, or 

phosphoramidic acid. 

Non-reversible 

phosphorylation of 

esterases 

 

III Pyrethroids 

 

Esters with alcohol 

(aromatic rings or -CN) & 

acid moiety 

(dimethylcyclopropane) 

High affinity to Na
+
 

channels, prolonged 

channel opening,  

hyperexcitability 

IV Carbamates 

 

Derived from carbamic acid 

 

Reversible 

carbamylation of 

esterases 

 

 

Organochlorines  

The period of rapid increase in the availability and use of modern pesticides began with the 

introduction of the insecticide DDT, in the late 1940’s and the organochlorine pesticides 

dieldrin and eldrin in the 1950’s (Ortiz-Hernández et al., 2013). The organochlorines (OCs) 

include the chlorinated ethane derivatives (DDT), the cyclodienes (aldrin, dieldrin, 

heptachlor) and the hexachlorocyclohexanes (lindane). These are chemically stable 

compounds, having the ability to kill insects by contact. DDT was in use from mid-1940s to 

mid-1960s for insect control in agriculture, soil and malaria control programs. Later on OCs 

with high insecticidal toxicity were developed. However, these chemicals also possessed 

higher mammalian toxicity, increased persistence and accumulation potential in biological 

and non biological media (Rao, 2007). OCs, also called as neuropoisons produce their 

insecticidal action by affecting the functioning of nervous system. The pesticide molecules 
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interfere with the ionic permeability of nerve cell membranes and so produce an unstable 

state, in which spurious nerve impulses induce uncontrolled activity in the whole organism. 

The effect appears to depend, not upon a chemical interference with any enzyme system, but 

upon a special disruption of the cell membrane, related to the shape of organochlorine 

molecule (Somara et al., 2002; Mohapatra, 2006). 

Organophosphates 

Organophosphates (OPs) are esters of phosphoric acid consisting of aliphatic, phenyl and 

heterocyclic derivatives and a basic building block as part of their much more complex 

structure (Table 1.2 & 1.3) (Kanekar et al., 2004). Tetraethyl pyrophosphate (TEPP), ethyl N-

dimethyl phosphoroamidocyanidate (tabun) and isoprpopyl methylphosphonofluoridate 

(sarin) are among the first OP insecticide developed in 1930s during WWII. Parathion was 

synthesized in 1944, it exhibited wide range of insecticidal activity, low volatility and 

sufficient stability in water and mild alkali. It was used extensively in agriculture but its use 

was inhibited due to high mammalian toxicity and was replaced by other less hazardous OPs. 

Later on organic trimesters of phosphoric acid and phosphorothionic acid were developed. 

Many OP insecticides, like dimethoate, monocrotophos malathion, parathion, chlorpyrifos, 

quinalphos, chlorfenvinphos, methylparathion, etc., have been in extensive use in recent years 

(Mohapatra, 2006).  

Table 1.3: Different groups of organophosphate insecticides (Kanekar et al., 2004).  

Main group Structure Examples 

Orthophosphates 
 

Dichlorovos, Mococrotophos, 

Mevinphos 

Onphosphates 

(Phosphorothionates)  

Diazinon, Parathion, 

Fenitrothion 

Thiolphosphates 

(Phosphorothiolates)  

Vamidothion, Demotion-s-

methyl Oxydemeton methyl 

Dithiophosphates 

(Phosphorothiolthionates)  

Dimethoate, phorate, 

Malathion 

Phosphonates 
 

Dichlorphon, Butonate 

Pyrophosphoramides 
 

Schardan 
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The OP insecticides act by inhibition of nerve enzyme, acetylcholinesterase (AChE) which 

breaks down acetylcholine. Acetylcholine is a neurotransmitter that functions nervous system 

of both insects and mammals and inhibition of the AchE, responsible for its removal, results 

in disruption of nervous control (Anwar et al., 2009). The insecticides effect a 

phosphorylation of the enzyme by binding covalently to serine 203 amino acid at active site 

of  enzyme. The leaving group bonds with the H
+
 of His 447 and breaks off the phosphate, 

leaving the enzyme phosphorylated. The reversibility of enzyme is prolonged and does not 

regenerate quickly the active enzyme in contrast to the normal acetylation by acetylcholine. 

Regeneration of enzyme may take several hours or days resulting in buildup of acetylcholine 

at the synapses which over stimulate and jam the nerves. Because of this property, the OP 

insecticides have been found to have high mammalian toxicity (Singh and Walker, 2006; 

Ramakrishnan et al., 2011).  

Pyrethroids 

Synthetic Pyrethroids (SPs) are based on chemical pyrethrin, an ester derived from flowers of 

Pyrethrum cineraefolium having insecticidal ability (Cheng et al., 1993). Pyrethrins have 

long been known as very safe insecticides. SPs like cypermethrin, bifenthrin, deltamethrin 

and fenvelerate are used at present for agricultural pest control. These insecticides have a 

high knock-down action like OP insecticides, but has extremely low mammalian toxicity that 

make them suitable candidate to be included in the currently running integrated pest 

management programs. Pyrethroids include 23% of the present day insecticides used 

worldwide for various purposes (Mohapatra, 2006). In addition to their importance in 

controlling crop pests, pyrethroids are at the fore-front of efforts to fight malaria, dengue and 

other diseases involving mosquitoes as vector.  Household insecticides and animal 

ectoparasite control products also include pyrethroids as common ingredient, whose 

unregulated use in house environment enhances the risk of exposure and health hazards in 

general public (Cheng et al., 1999). 

These molecules are esters, with an alcohol and an acid moiety that usually contains 

dimethylcyclopropane ring with a variable ring. The alcohol moiety contains a cyano group 

or aromatic rings at α-carbon (Sogorb and Vilanova, 2002). Absence or presence of cyano 

group differentiated between type I and type II pyrethroids, respectively. These insecticides 

target the Na
+
 channels of the target pest to impose their toxicity. The binding of pyrethroids 

to Na
+
 channels causes a prolonged channel opening by slowing their activation, inactivation 

and reactivation that cause depolarization of neuronal membranes. In general, type II 
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compounds delay the inactivation of Na
+
 channels substantially longer than do type I 

compounds (Shafer et al., 2005). 

Carbamates 

The Carbamates are derivatives of carbamic acid (HO-CO-NH2) and are used widely for 

worm control in vegetables. Carbamates are comparatively recent insecticides with widest 

range biocidal activities and include carbaryl, propoxur, aldicarb, pimicarb, etc 

(Ramakrishnan et al., 2011). These materials act in a way comparable with that of the OPs, in 

that they react with and inhibit the action of acetylcholinesterase by affecting, in this case, a 

carbamylation of the enzyme. Although some carbamtes have high acute toxicity, yet the 

toxicity of these chemicals is low in comparison to the OC and OP insecticides. In addition, 

the carbamylation of the enzyme by the insecticides is more readily reversed than 

phosphorylation and therefore, there is a rapid recovery of the subject from toxicity (Cheng et 

al., 1993). 

PESTICIDES COVERED IN THIS STUDY 

Chlorpyrifos 

Amid organophosphate compounds, chlorpyrifos (CP, O,O diethyl- O-3,5,6-trichloro-2-

pyridyl phosphorothioate) (Figure 1.1) is in use since the 1960s, mainly for the control of 

soil-borne and foliar insect pests on different food and feed crops, important of them are corn, 

cotton, pasture, paddy fields and vegetable crops (Lu et al., 2013). In different agricultural 

settings approximately 10 million pounds of CP are applied annually. The major agricultural 

market for CP is corn (~5.5 million pounds). CP is one of the chlorides radical containing 

OPs which are sparingly soluble in water hence difficult to degrade (Kanekar et al., 2004).  

 

Figure 1.1: Structure of Chlorpyrifos (Mohan et al., 2004) 

CP moderately persists in environment with half life varied from 14 days to over 365 days, 

depending on the soil characteristic, climate, pH and presence of microbes (Anwar et al., 

2009). It has a high soil sorption co-efficient and is stable under normal storage conditions 
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(Singh and Walker, 2006). CP degradation occurs through hydrolysis either by photolysis or 

microbial activity and is converted to diethylthiophosphoric acid (DETP) and 3,5,6-trichloro-

2-pyridinol (TCP). TCP, the main degradation product of CP hydrolysis has higher water 

solubility which results in extensive contamination of soil and aquatic environments (Li et 

al., 2007a). TCP possess antimicrobial activities also, in addition to its persistence in 

environment which limits the biodegradation of CP (Briceño et al., 2012). 

Cypermethrin 

Cypermethrin [CM, (+/-)-α-cyano-3-phenoxybenzyl (+/-)-cis-trans-3-(2,2-dichlorovinyl)-2,2- 

dimethylcyclopropanecarboxylate] is a photostable synthetic pyrethroid with great 

insecticidal power (Figure 1.2). Addition of α-cyano substituent in the phenoxy benzyl 

moiety makes CM a type II pyrethroid. CM act on CNS producing hyperexcitable state by 

interacting with sodium channels (Iwanicka and Borzêcki, 2008). CM is widely used for 

control of pests in cotton and vegetable crops, for treatment of cattle and other livestock and 

for indoor and outdoor pest control (Tallur et al., 2008). 

 

Figure 1.2: Structure of Cypermethrin (Grant and Betts, 2004) 

Physicochemical properties such as pH, temperature and organic content affect the 

persistence of CM in soil and depending on the soil type its half life can vary from 14.6 to 

76.2 days. Microbial activity in soil also plays vital role in determining the fate and behavior 

of CM in soil (Chen et al., 2012a). In the natural environment, hydrolysis of the ester linkage 

is the principal degradation route for CM degradation and leads to the formation of 3-

phenoxybenzoic acid (PBA) and cyclopropane carboxylic acid derivatives (Jones, 1995). CM 

displays low water solubility and due to non polar nature readily adsorbed onto the soil 

surface and bound there. The metabolite 3-phenoxybenzoic acid (PBA) and 3-(2,2-

dichlorovinyl)-2,2-dimethylcyclopropane carboxylate (DCVA) are organic acids and often 

mobile in soil (Duan et al., 2011).  
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ENVIRONMENTAL CONTAMINATION 

Contamination from pesticides generally originates from two sources: Point sources arise 

from routine handling procedures, spills and waste disposal associated with agrochemical 

operations, manufacturing facilities, ware-houses and means of transportation.  Whereas 

routine operating procedures, which traditionally include application of pesticides to the field 

and tank loading, mixing and rinsing are non point sources (Fogg et al., 2003). Direct contact 

with materials at the site of application is a source of exposure to pesticides, exposure to 

pesticides remote from the source of application can occur as well through translocation. 

Translocation depends upon physicochemical properties of pesticides. Physical modes such 

as vaporization and drift by airborne routes also contribute to translocation of pesticides that 

later on may be precipitated out by rainfall onto remote land and surface waters. Pesticides 

when applied to soil, are adsorbed to soil particles from where it can get airborne as dust or 

leach to subsurface waters (Figure 1.3).   

 

 

Figure 1.3:  Entry and movement of pesticides in the ecosystem (Mohapatra, 2006). 
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The extent to which pesticide will remain in soil depends upon soil type, moisture, 

temperature, pH, microorganism content, degradability of pesticide itself, and the extent of 

cultivation and cover crops. Different pesticides persist in soil as follows: 

Organochlorines>certain herbicides>organophosphates>carbamate insecticides>herbicides 

(Tiryaki and Temur, 2010). 

HARMFUL EFFECTS OF PESTICIDES 

Ideally pesticides must be specific in their action i.e. injurious to undesirable target organisms 

and harmless to non target organisms. But by their nature most pesticides exhibit high degree 

of toxicity as theses are designed to exterminate certain organisms and thus generate risks of 

damage. Most of the pesticides are not highly selective and are generally toxic to many non 

target species including human beings and wildlife (Damalas and Eleftherohorinos, 2011). 

These widespread distributions of these chemicals over land and aquatic surfaces make other 

life forms vulnerable to receive potentially toxic doses of these pollutants. It can have direct 

effect on human health and welfare as well as can cause serious ecological imbalance (Rao, 

2007). 

Introduction of pesticides to soil to terminate soil born pests and pathogens results in buildup 

of their residues and degradation products in soil at unusually high level (Perucci et al., 

2000). These pesticides distress various microbial mechanisms such as oxidation-reduction 

activity of enzymes, virulence and nitrogen fixing activity (Chelius and Triplett, 2001). Other 

microbial aspects that are directly affected by pesticides include alteration in population of 

cellulolytic and phosphate solubilizing bacteria, change in nodulation and mycorrhizal 

symbioses in plants, disturbance of microbial equilibrium and intrusion in nitrogen balance 

and ammonification in soil (Ramani, 2011). Some microorganisms use these pesticides as 

substrates and degrade them to form new compounds which can be far more deleterious to 

plants than the original molecule (Shafiani and Malik, 2003).  

Herbicides are designed to kill weeds; however, their direct application, drift or volatilization 

on desirable species can also kill them. Different herbicides in ester-formulation have been 

shown to volatilize of when applied on plants with vapors that cause severe injury to other 

plants (Ghosh and Lapara, 2007). Exposure to pesticides can also cause sub-lethal effects on 

plants such as phenoxy herbicides can damage nearby trees and shrubs if they drift or 

vaporize onto leaves. Other effects of pesticides include reduction in seed quality, crop yield 
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(Stepanauskas et al., 2006) and enhancement of disease susceptibility in plants (Savitha and 

Raman, 2012). 

High percentage of pesticides is dispersed through soil, air and water instead of reaching 

target organisms. Contamination of aquatic systems results in damage and destruction of wild 

birds and mammals. Harmful influences on wildlife include death from the direct contact 

with chemicals or secondary poisonings by feeding on contaminated food; reduction in 

growth, Survival and reproduction rates after contact with sub-lethal quantities; and habitat 

damage through the abolition of food resources and shelters (Ortiz-Hernández et al., 2011). 

Several pesticides are linked to endocrine disruption in invertebrates, amphibians, reptiles, 

fish, birds and mammals and cause disruption in embryo development and juvenile hormone 

activity (Shalaby and Abdou, 2010). In soil pesticides can also be toxic to useful protozoa, 

fungi, earthworms and arthropods. Pesticides not only affect pest populations but also natural 

valuable foes and biodiversity. Fungicides can cause pest outbreaks by eradicating fungal 

pathogens that are parasitic on many insects, which require use of additional pesticides 

(Ramakrishnan et al., 2011). In addition, the extensive use of pesticides can result in 

emergence and evolution of resistance to pesticides in plant pathogens, insect pests and 

weeds (Stepanauskas et al., 2006). 

Pesticide exposure can lead to both acute and chronic health defects in human beings. Acute 

effects in pesticide users may include nausea, dizziness, headaches, abdominal pain, 

neurotoxicity, organ damage, nuisance and chemical burns (Hicks et al., 1990; Merhi et al., 

2007). Chronic aberrations linked to pesticide exposure such as endocrine interruption or 

immunotoxicity, adverse reproduction and developmental defects (Alavanja et al., 2004) and 

neurodegenerative diseases e.g., Parkinson’s disease (Anjum et al., 2012) have also been 

observed in pesticide users. Unregulated use of pesticides may also cause changes in genetic 

material and development of certain cancers (Bhalli et al., 2006). Occupational exposure to 

pesticides has resulted in substantial increase in incidence of soft tissue melanoma (Hayat et 

al., 2010), multiple myeloma, Hodgkin’s lymphoma (Merhi et al., 2007), bladder and 

pancreatic cancer (Aktar et al., 2009) and leukemia (Eqani et al., 2011). 

OP compounds are the most extensively used insecticides and are major cause of worldwide 

OP poisoning with about 3 million poisonings cases and 200,000 deaths annually (Yang et 

al., 2006). Inhibition of acetylcholinesterase enzyme (AChE) by OPs in mammals results in 

increase of endogenous acetylcholine level in nerve tissues and effector organs. Stimulation 

of receptors can cause tightness in the chest, wheezing expiration due to bronchoconstriction, 
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increased sweating, and development of nausea, vomiting and diarrhea and brachycardia that 

can progress to heart block (Tago et al., 2006). Other signs include easy fatigue and mild 

weakness followed by involuntary twitching, dyspnea, cyanosis or asphyxia due to affects on 

muscles of respiration. Tension, insomnia, headache, neurosis, tremor, ataxia and apathy can 

occur as result of accumulation of acetylcholine in central nervous system (Ogram et al., 

1985; Mohapatra, 2006). The acute toxicity of pyrethroid is dominated by their actions upon 

the CNS, primarily through hyperexcitation of voltage-gated sodium channels. Other toxic 

effects of pyrethroids include neuronal death, developmental neurotoxicity, and other actions 

such as bioactivation via pyrethroid metabolites (Khan et al., 2009). Pyrethroid can also 

cause systemic poisoning which involves incoordination, seizures, choreoathetosis and severe 

effects on skeletal and cardiac muscles and salivary glands (Shafer et al., 2005). 

Chlorpyrifos and its metabolites have been detected in farm animals, in the diet of infants, 

body fluids of children living near orchards and in the cord blood of newborns babies of 

women living in urban areas (Saulsbury et al., 2008). This widespread existence of CP 

residues and mixtures of pesticides has raised concerns about the safety limits of these 

chemicals. Although CP is shown to be comparatively less toxic in adult animals, recent 

evidences indicate that it is a developmental neurtoxicant and is thus harmful. CP exposure to 

humans increased occurrence of autoantibodies and expression of CD26 cells. (Cho et al., 

2009). The experiments on animal and cellular models exhibited that CP inhibits replication 

of neural cells, interferes with cellular differentiation, induces oxidative stress, alters 

neurotransmission (Karanth et al., 2006; Slotkin and Seidler, 2007) and provokes 

neurobehavioral changes (Ricceri et al., 2006). In humans, elevated levels of CP have been 

shown to be associated with decreased birth weight and length, alterations in developmental 

and psychomotor indices and immunological anomalies (Saulsbury et al., 2008).  

Widespread occurrence of Cypermethrin has been reported in downstream water reserves 

and sediments due to runoff and erosion from agricultural fields and non agricultural 

applications (Gan et al., 2008; Hintzen et al., 2009; Weston et al., 2009). It possess high 

toxicity for aquatic invertebrates and fish. It has been suggested that pyrethroids are one of 

the factors for the worldwide decline in amphibian populations. Tadpoles are sensitive to low 

doses of CM; it causes deformities, behavioral abnormalities like twisting and uncoordinated 

swimming. The growth process is also inhibited (Mann et al., 2009). According to US 

Environmental protection agency CM has been categorized as a possible human carcinogen, 

it is also toxic to neural system and cause allergic skin reactions and eye irritation. The oral 
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LD50 in rats is 250 mg/kg (Tallur et al., 2008). 3-pheoxy benzoi acid (PBA), the primary 

metabolite of CM is also a potential toxicant and because of its antiestrogenic activity it is 

categorized as an endocrine disrupting compound (Meeker et al., 2009). CM has a low 

bioconcentration factor hence it is not considered harmful for top-predators, but results from 

direct dose studies show that it is harmful for the test organisms. Studies on rabbits have 

shown that high levels of this chemical are neurotoxic and cause ataxia, excessive salivation, 

choreoatheosis, tremors and convulsions (Khanna et al., 2002). CM affects the voltage 

dependent sodium channel and ATPase in neuronal membranes. It binds to nuclear-DNA, 

which leads to destabilization and unwinding of DNA strands (Patel et al., 2006). Studies on 

mouse hepatocytes have shown that some of the metabolites of this insecticide could form 

DNA-monoadducts and DNA interstrand crosslinks. DNA-interferences like these could be 

carcinogenic (Cui et al., 2006).  

PESTICIDE EXPOSURE IN PAKISTAN 

Agriculture in Pakistan contributes about 25% to the national economy that is largely 

dependent on pesticide usage for protection and increased yield of crops. In Pakistan, cotton 

crops are the major receiver of pesticides where more than 65% of pesticides are applied; 

while others are used on vegetables, maize, rice, sugarcane and fruits (Eqani et al., 2011). 

Pesticide usage has gradually increased in Pakistan, along with the rest of the world. The 

pesticides applied at present involve 108 forms of insecticides, 39 varieties of herbicides, 30 

types of fungicides, 6 types of rodenticides and 5 different types of acaricides are being used 

in Pakistan (Tariq et al., 2007). The trade in of pesticides is rising gradually every year and 

insecticides comprises 90% of the total pesticide consumption in Pakistan (Tariq et al., 2007). 

Different National and multinational groups are engaged in the profitable business of 

pesticides in Pakistan. The pesticide industries working in Pakistan has 27,714 metric tons 

per annum formulation capacity for liquid, granules and powder products (Khan et al., 2010). 

Besides one of the largest build up stocks of obsolete pesticides and their illegal application 

along with poor enforcement laws are concerning issues in Pakistan (Jan et al., 2009).  

Exact data on pesticide contamination in different environmental compartments is not 

available because of lack of national pesticide monitoring programs. However, studies have 

been carried at various levels to determine the presence of pesticides in aquatic and terrestrial 

ecosystems, crops and humans. The design features of these studies vary in site selection 

plans, sampling protocols, species and tissue type of sampled biota, that makes it complicated 
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to make an overall national assessment by combining data from these studies. Nevertheless, 

data from individual studies can be used to evaluate the presence, geographic allocation and 

trends of pesticides in the environments (Tariq et al., 2007). 

The extensive use of pesticides has raised ground water contamination; pesticide residues 

have been identified in shallow water bodies nearby areas of heavy pesticide usage and cotton 

growing areas of southern Punjab and plains of Sindh (Tariq et al., 2004; Ahad et al., 2006; 

Eqani et al., 2011; Akhtar et al., 2014). Intensive spraying, ponding irrigation and shallow 

water table are some of the main reasons for groundwater contamination. Besides this direct 

run-off, leaching and haphazard disposal of empty containers had also contributed to 

contamination of aquatic environments (Tariq et al., 2007). Pesticide residues have been 

detected in cottonseeds, fruits vegetables, animal products and fish meal at different intervals 

throughout the country (Rodrı́Guez and Fraga , 1999; Hussain et al., 2002; Munshi et al., 

2004; Spaepen et al., 2007; Anwar et al., 2011; Malik et al., 2011; Eqani et al., 2013). 

Different studies have also reported the presence of pesticide residues in human blood, 

plasma and other tissues and resulting health problems (Azmi et al., 2006; Khan et al., 2010; 

Khwaja et al., 2013). About 60-70% of cases of pesticide poisoning have been reported due 

to occupational contact and female cotton pickers appeared to at high risk of hazards (Anwar 

et al., 2011). In two different studies the health hazards of pesticide contact in tobacco 

farmers and factory staff were determined by measuring plasma cholinesterase (PChE), 

pesticide traces and hepatic and renal biomarkers. The study presented that levels of different 

pesticides such as cypermethrin, endosulfan, thiodicarb and imadacloprid etc. were higher in 

plasma of farmers and factory workers than allowable daily intake. The studies further 

revealed that unsafe practices among factory workers and farmers caused considerable 

increase in pesticide exposure, oxidative stress and unbalancing of renal and hepatic 

functions. In other studies the pesticides have been found to be responsible for cytogenetic 

and DNA damaging effects after pesticide exposure in pesticide manufacturing workers and 

female agricultural workers (Bhalli et al., 2006; Ali et al., 2008; Bhalli et al., 2009). In 

developing countries the major causes of factory workers and farmers being at great risk of 

exposure are use of toxic compounds that are forbidden or banned in other countries, 

insufficient storage practices, inaccurate applying techniques, badly maintained or entirely 

unsuitable spraying equipment, and often the reuse of pesticide containers for food and water 

storage (Damalas and Eleftherohorinos, 2011). 
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PESTICIDE DEGRADATION 

The fate and conducts of pesticides in soil systems is determined by various aspects such as 

photochemical, chemical or microbial transformation, movement, volatilization, uptake by 

plants or organisms and adsorption to soil particles or organic matter (Figure 1.4) (Bailey and 

White, 1970). Abiotic and biotic processes involved in decomposition of pesticides in soil 

and water can occur simultaneously (Bondarenko and Gan, 2004). Exposure to ultra-violet 

(UV) radiation or chemical reactions can aid in degradation of pesticides in soil however, the 

most frequent form of degradation occurs through microbial activities, especially bacteria and 

fungi (Singh, 2008). 

 

Figure 1.4: Movement of pesticides into soil, air and aquatic system and mechanisms of 

pesticide degradation. 

Biologically catalyzed reduction in complexity of chemicals is known as biodegradation, it 

can result either in partial decay to from metabolites or complete mineralization. Microbial 

transformations of pesticides can occur through biodegradation, cometabolism or 

bioaccumulation. In biodegradation microbe use chemical as C source after adaptation phase 

while in co-metabolism degradation occurs through already present extracellular enzymes in 

microbial communities and pesticides do not serve as direct energy source. In 

bioaccumulation pesticides are integrated and accumulated by soil microbes both by active 

and passive uptake processes (Gavrilescu, 2005). 
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Factors Affecting Pesticide Biodegradation 

Physicochemical properties of soil such as pH, temperature, nutrient availability, soil water 

content, size and species structures of the microbial population and the chemical nature and 

availability of the pesticide are the factors influencing soil microbial activities. (Tiryaki and 

Temur, 2010).  

Pesticide structure 

Chemical and physical properties as well as biodegradability of pesticides are determined by 

their chemical structure. Presence of functional groups such as halogen or alkyl substituent or 

novel arrangements make pesticides recalcitrant. Chloride radical containing pesticides such 

as DDT, dieldrin and chlorpyrifos are water insoluble, adsorb strongly to soil and are 

therefore, unavailable for biodegradation. Polar substituent such as -OH, -COOH, and -NH2 

containing molecules such as carbofuran and carbaryl are susceptible to microbial attack and 

can be degraded within few days in soil (Chowdhury et al., 2008).   

Pesticide concentration  

Pesticide concentration is an important factor influencing the rate of biodegradation. Usually 

the pesticide degradation follows first order kinetics, the degradation rate reduces roughly in 

proportion with the pesticide's remaining concentration. Reduced initial concentration at 

higher initial level can be due to limited number of reaction sites available in soils and lethal 

effect on microorganisms or inhibition of enzymes (Rangaswamy et al., 1994).  

Soil types 

Pesticide biodegradation is also influenced by soil characteristics such as clay and organic 

matter content. The presence of clay and organic matter content may pose synergistic effects 

in pesticide utilization by affecting adsorption (Jones and Ananyeva, 2001). On other side, 

higher affinity of pesticides to soil particles can reduce its availability and biodegradation rate 

in silty and clay soils (Liang et al., 2011). Soil organic content may decrease microbial 

degradation of pesticides by enhancing adsorption process or stimulate degradation activity 

by cometabolism (Merhi et al., 2007). A certain minimum level of organic matter (probably 

>1.0%) is required to guarantee the presence of native degradative microbial population in 

active state (Chowdhury et al., 2008). 

Soil moisture 

Soil moisture affects dispersion and movement of chemicals and is essential for microbial 

activities. Pesticide degradation is slow in dry soils. Generally, increases in water content 
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enhances the rate of pesticide degradation. However, in flooded soil diffusion of atmospheric 

oxygen is restrained, so anaerobic degradation can overcome aerobic degradation (Walter-

Echols and Lichtenstein, 1978). The pesticides which degrade under aerobic conditions 

persist in submerged soils, while pesticides such as DDT and atrazine that are degraded under 

anaerobic condition will be transformed rapidly. Thus, the transformation of pesticides in 

moist fields will be different from that in submerged soils (Rangaswamy et al., 1994).  

Soil pH and temperature 

Soil pH can influence degradation depending on alkaline or acid catalyzed hydrolysis. It also 

affects sorption of pesticide molecules on organic surfaces and clay particles, and thus its 

mobility and bioavailability (Hicks et al., 1990). Temperature influences adsorption of 

pesticide molecules by changing their solubility and hydrolysis in soil. Higher temperature 

may reduce the adsorption with a consequent enhancement in pesticide solubility and 

degradation. Temperature also affects microbial activity; the optimum temperature for 

microbial growth and activities in soils range from 25 to 35
o
C and maximum pesticide 

degradation occurs at mesophilic temperature range of around 25-40
o
C (Rao, 2007; 

Chowdhury et al., 2008). 

Nutrients accessibility 

Essential nutrients such as carbon, oxygen, nitrogen and phosphorus are the rate limiting 

factors in pesticide degradation. Sufficient pesticide concentration is required to induce 

appropriate degradation related enzymes and uptake processes. Biodegradation does not 

proceed at low levels of pesticide due to inability to induce adequate enzyme activities or 

failure to provde sufficient energy even for cell maintenance (Pahm and Alexander, 1993).  

Soil biota 

In soil the degradation of pesticides occur through various biotic mechanisms such as 

enzymatic biodegradation or co-metabolism. Microbes can use pesticide molecules as carbon, 

nitrogen and energy sources or can degrade it co-metabolically. The higher degradation of 

pesticides in non-sterile soils compared negligible loss in sterilized soils indicates the 

involvement of microorganisms in degradation of pesticides. The microbial degradation of 

various pesticides in soils have been reported in several studies (Mergeay et al., 1985; 

Banerjee et al., 1999; Singh et al., 2006; Benimeli et al., 2008; Lakshmi et al., 2008; Anjum 

et al., 2012; Cycoń et al., 2013c). 
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Biodegradation of Pesticdes 

Biological degradation or biodegradation can be defined as the biologically catalyzed 

reduction in complexity of chemicals. The microbial decomosition of pesticides may be 

motivated by energy needs and microorganisms can use a broad range of organic compounds 

as sole energy and carbon sources by expressing appropriate catabolic pathways (Díaz, 2004). 

Degradation can also occur as a requirement to detoxify the hazardous chemicals, or may be 

chanced in nature (co-metabolism). Biodegradation of pesticides in the natural environment 

has been extensively studied to determine pesticide degradation mechanisms, to evaluate their 

potential in bioremediation and to understand microbial ecology of pesticide degrading 

microbes (Bouwer and Zehnder, 1993; Chen et al., 1999; Mishra and Lal, 2001). Table 1.4 

covers the studies carried out to study microbial degradation of various pesticides. 

Biodegradation of different organophosphates such as malathion, parathion, methyl 

parathion, methamidophos, fenamiphos and chlorpyrifos has been studied and microbial 

degradation pathways for these chemicals have been anticipated (Singh and Walker, 2006). 

Biodegradation of Chlorpyrifos and Cypermethrin 

CP degradation have been studied in several microbes; different microbes such as Alcaligenes 

faecalis (Yang et al., 2005), Sphingomonas sp. (Li et al., 2007a), Paracoccus sp. (Xu et al., 

2008), Acremonim sp. (Kulshrestha and Kumari, 2010), Cupriavidus sp. (Lu et al., 2013), and 

Aspergillus terreus (Silambarasan and Abraham, 2012), Meshrhizobium sp. (Jabeen et al., 

2014) have been isolated from polluted soils, contaminated sediments as well as from 

industrial wastewater. CP degradation with bacterial consortia derived from enriched cultures 

has been reported by Pino and Peñuela (2011) and  Sasikala et al. (2012). CP degradation 

occurs through hydrolysis by microbial activity which converts it to 3, 5, 6-trichloro-2-

pyridinol (TCP) and diethylthiophosphoric acid (DETP) (Cho et al., 2009). These metabolites 

can be broken down further. The proposed pathway suggests that DETP is converted to 

ethanol and phosphorothioic acid while TCP is metabolized by reductive dechlorination 

pathway (Singh and Walker, 2006; Cao et al., 2013). CP degradation has been reported to be 

carried out catabolically or co-metabolically. Diazinon degrading Flavobacterium sp. and 

Pseudomonas diminuta degraded CP in liquid media but failed to utilize it as carbon source 

(Sethunathan and Yoshida, 1973; Serdar et al., 1982). Later on Enterobacter sp. and 

Sphingomonas sp. were isolated that were able to grow on CP utilizing it as C source and also 

utilized metabolic product DETP as P source, however these strains failed to utilize TCP 

(Singh et al., 2004; Li et al., 2007a). Removal of TCP from environment is also of  utmost  
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Table 1.4: Microorganisms used in different studies for biodegradation of different 

pesticides.  

Microorganisms Source of isolation Target Compound Reference 

Pseudomonas sp. 

Insecticide contaminated 

soil from factory yard and 

orchard 

DDT, Dieldrin, 

Endrin 

(Matsumura and 

Boush, 1967; Patil 

et al., 1970) 

Nocardioides 

simplex 
Cattle dip waste Coumaphos (Mulbry, 2000) 

Sphingomonas sp. 
Isoproturon contaminated 

soil 
Isoproturon 

(Bending et al., 

2003) 

Bacterial 

consortium 
Atrazine contaminated soil Atrazine 

(Smith et al., 

2005) 

Paracoccus sp. 
Sludge from wastewater 

treatment system 

Monocrortophos, 

Dichlorvos 
(Jia et al., 2006) 

Rhodococcus 

erythropolis 

Pesticide contaminated 

soil 
Endosulfan 

(Kumar et al., 

2007) 

Acinetobacter 

radioresistens 

Sediment of wastewater 

treatment in pesticide plant 
Chlorpyrifos (Liu et al., 2007) 

Variovorax sp. 
Herbicide contaminated 

soil 
Linuron, Diuron 

(Sorensen et al., 

2008) 

Mortirella sp.  Soil Phenylurea herbicides 
(Badawi et al., 

2009) 

Pseudomonas 

putida 

Insecticide contaminated 

soil 

Fenamiphos, Oxamyl, 

Carborfuran 

(Chanika et al., 

2011) 

Ochrobactrum 

tritici 

Pyrethroid contaminated 

soil 
Synthetic pyrethroids 

(Wang et al., 

2011) 

Genetically 

engineered 

Escherichia coli 

mpd and linA genes fusion 
γ-HCH and 

Organophosphates 

(Yang et al., 

2012) 

Brevibacillus and 

Bacillus cereus 

Malathion contaminated 

soil 
Malathion 

(Singh et al., 

2012) 

Rhodococcus sp. Soil Butachlor (Liu et al., 2012) 

Serratia marcescens Soil Deltamethrin 
(Cycoń et al., 

2013b) 

Azoarcus indigens Activated sludge Cypermethrin (Ma et al., 2013) 

 

  



Introduction 

19 
 

importance due to its toxicity towards terrestrial and aquatic life forms. In recent studies 

different microbes such as co-culture of Serratia sp. and Trichosporon sp., Bacillus pumilus 

and Cupriavidus sp., (Xu et al., 2007; Anwar et al., 2009; Lu et al., 2013) have been isolated 

and studied which degraded TCP as well and were able to mineralize CP completely.  

Biodegradation studies for various pyrethroids have been carried out in recent years. A 

pyrethroid degrading bacterium, Ochrobactrum tritici pyd-1 was obtained from pyrethroid 

contaminated agricultural soil which possessed the capability of degrading a wide range of 

synthetic pyrethroids (Wang et al., 2011). Deltamethrin utilizing Streptomyces aureus HP-S-

01 (Chen et al., 2011b) and fenvalerate degrading Stenotrophomonas sp. ZS-S-01 (Chen et 

al., 2011c) have been isolated from activated sludge samples. Various CM degrading strains 

such as Micrococcus sp. CPN1 (Tallur et al., 2008), Serratia sp. (Zhang et al., 2010) 

Ochrobactrum lupini DG-S-01 (Chen et al., 2011a) and Azoarcus indigens (Ma et al., 2013) 

have been isolated from contaminated soils and activated sludge systems. Most of the studies 

showed 3-phenoxy benzoic acid is an important metabolite during degradation of pyrethroids. 

From previous reports it is evident that degradation pathway of CM involves initial cleavage 

of its ester linkage to yield 3-phenoxybenzoate (3-PBA). 3-PBA is further metabolized to 

protocatechuate, phenol and catechol after various cleavages (Tallur et al., 2008).  

Molecular Basis of Pesticide Degradation 

During pesticides degradation the three main responsible enzyme systems are 

esterases/hydrolases, the mixed function oxidases (MFO) and the glutathione S-transferases 

(GST) (Ortiz-Hernández et al., 2013). Depending on the metabolic reactions enzymes can 

catalyze hydrolysis, oxidation, dehalogenation, reduction, addition of a hydroxyl (OH) group 

to a benzene ring, replacement of sulfur with oxygen, side chain metabolism and ring 

cleavage (Li et al., 2007b).  

The molecular basis of OPs degradation reveals presence of hydrolase or esterase enzyme 

systems also called as phosphotriesterases (PTEs). Organophosphorus hydrolase (OPH) was 

purified from Pseudomonas diminuta (Serdar et al., 1982) and Flavobacterium sp. (Mulbry 

and Karns, 1989; Somara et al., 2002; Siddavattam et al., 2003) which is encoded by OP 

degrading (opd) gene. opd gene has been isolated from different organisms and diverse 

geographic locations. OPHs are member of amidohydrolase superfamily. OPH is ~72 kDa 

dimer protein, containing two similar subunits each consisting of 336 amino acid. OPH 

possess wide range substrate specificity and can catalyze P-O, P-S and P-S bonds with 
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varying efficiencies. Horne et al. (2002) purified a variant of OPH called OPDA from 

Agrobacterium radiobacter. OPDA is encoded by opdA gene which is 90% similar to opd 

gene. OPDA enzyme has similar secondary structure as OPH but with a variation of 

additional 20 amino acid residues at the carboxyl end (Singh, 2009). Recently opdA gene has 

also been identified in methyl parathion degrading Bacillus pumilus isolated from Pakistani 

soil (Ali et al., 2011). Methyl parathion hydrolase (MPH) is another OP degrading enzyme 

that is encoded by mpd gene with gene sequence entirely different from opd gene. MPH was 

first identified in Plesiomonas sp. (Zhongli et al., 2001) and has been identified in several 

phylogenetically distinct bacteria. MPH can catalyze various OP pesticides, but has narrower 

substrate choice compared to OPH. MPH from Pseudmonas sp. WBC-3 has been 

characterized, it is a dimer and belongs to β-lactamse family (Dong et al., 2005). Phylogentic 

analysis confirms that mpd genes have evolved independently from opd genes but there is 

possibility that MPH and OPH have evolved from different lactonase enzymes (Afriat et al., 

2006). Genes similar in sequence to mpd gene have been isolated from CP degrading 

microorganisms such as, Stenotrophomonas sp. YC-1 (Yang et al., 2006), Sphingomonas sp. 

Dsp-2 (Li et al., 2007a) and Stenotrophomonas maltophilia MHF ENV20 (Dubey and 

Fulekar, 2012). Another PTE enzyme called Organophosphorus acid anhydrolase (OPAA) 

was purified from Alteromonas undina (Cheng et al., 1993) and Alteromonas haloplanktis 

(Cheng et al., 1999). OPAA is encoded by opaA gene and is a member of dipeptidase family. 

It is  unrelated to MPH and OPH and does not have homologus enzyme or gene sequence 

with either of these enzymes. As OPH and MPH enzymes have been reported for degradation 

of CP and opd and mpd genes responsible for these enzymes have been identified in CP 

degrading microbes, these enzymes and genes were selected to be studied for CP degradation 

in selected bacterial strains.  

There are very few reports describing molecular basis of pyrethroid biodegradation in 

microorganisms. Maloney et al. (1993) purified and characterized 61 kDa enzyme 

permethrinase from pyrehtroid transforming Bacillus cereus. Later on, carboxylesterase 

enzymes of different size and sequences have been identified from different microbes. Wu et 

al. (2006) cloned pyrethroid hydrolyzing carboxylesterase gene estP (1914 bp) from 

Klebsiella sp. and purified carboxlesterse EstP of ~73kDa capable of degrading different 

pyrethroids. In other studies carboxylesterase enzymes PytH (~31kDa) and PytZ (~25kDa) 

have been cloned and characterized from Sphingobium sp. JZ-1  and Ochrobactrum anthropi 

YZ-1, respectively (Wang et al., 2009; Zhai et al., 2012). Fan et al. (2012) identified 
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thermostable pyrethroid hydrolyzing enzyme Sys410 using metagenomic technique. In all 

these studies pyrethroid hydrolyzing genes were identified through genomic library 

construction and screening strategy and then cloned to get enzyme expression. However, 

none of these genes or enzymes showed sequence homology. In two other studies pyrethroid 

hydrolyzing enzymes have been purified and characterized from cell cultures of Aspergillus 

niger (56kDa) and Sphingobium sp. (31kDa) using proteomic techniques (Liang et al., 2005; 

Wang et al., 2009).  

BIOREMEDIATION OF CONTAMINATED SOILS 

Biodegradation is waste management process that exploit naturally occurring microbes to 

break down harmful chemicals to less toxic or non-toxic substances (Bamforth and Singleton, 

2005). Bioremediation strategies focus on stimulating existent but slow natural 

biodegradation processes that bring chemicals in contact with microbes and accelerate 

transformation. Microbes use pesticide degradation as a strategy for their own survival, 

however, adjustments can be made to promote degradation of pesticides at a higher rate in 

less time (Singh, 2008). Success of bioremediation depends upon four variables i.e. (a) 

physiological status of microbes, (b) accessibility of pesticide or metabolites to 

microorganisms, (c) endurance and propagation of degrading microbes at contaminated site 

and (d) sustainable population of microbes (Hussain et al., 2009). Population dynamics of 

pesticide degrading microbes in relation to other native microbes, physiological state of soil 

and pesticide dynamics in soil are other limiting factors (Singh, 2008). Bioremediation 

technologies used to remove pollutant from environment include bioaugmentation 

(introducing microbes or enzymes to the polluted  site), biostimulation (addition of nutrients 

to the site to stimulate native microbes), bioreactors (pollutant removal from soil or water in a 

large container with the help of microbes or enzymes), bioventing (passage of O2 through soil 

to encourage growth of native degradative microbes) and landfarming (farming or tilling to 

stimulate growth of degradative microbes at polluted site) etc.  

By applying bioremediation, toxic chemicals can be destroyed in soils, ground-water, 

wastewater, sludges and industrial wastewater systems. Different bioremediation techniques 

have been adapted in various studies to degrade pesticides. For example, Fogg et al. (2003) 

constructed biobed using soil, compost and wheat straw for efficient degradation of high 

concentrations of mixture of pesticides from tank and sprayer washing. Similarly, different 

researches have reported the exploitation of soil microbiota to the enhanced pesticide 

decomposition in agricultural soils regularly applied with particular pesticide. For example, 
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Agrobacterium radiobacter was used for the removal of atrazine from polluteded soils 

(Struthers et al., 1998). Karpouzas et al. (2005) used Sphingmonas paucimobilis for 

degradation of cadusafos and ethoprophos in contaminated soils. In other studies soils were 

bioaugmented with bacterial strains for degradation of endosulfan (Kumar et al., 2008), 

lindane (Benimeli et al., 2008), chlorpyrifos (Liang et al., 2011; Sasikala et al., 2012), 

cypermethrin (Chen et al., 2012a) and fenamiphos (Chanika et al., 2011).  

ANALYSIS OF BACTERIAL DIVERSITY 

The biasness of culture dependent techniques towards fast growing microbes and clues of the 

enormous variation of uncultured microbial life in soil have inspired development of 

techniques for culture independent analysis of microbial populations. These techniques have 

utilized a combination of nucleic acid characterization and microscopy (Torsvik and Øvreås, 

2002). Over the last twenty years, molecular methods, especially 16S ribotyping, are in use 

for identification of unknown bacteria (Chelius and Triplett, 2001). In turn, this has led to 

population analysis using total community DNA extracted directly from soil, water or related 

envionment. Fingerprinting procedures using PCR amplified DNA provide better resolution 

and understanding about shifts in community compositions. Different fingerprinting 

procedures such as terminal restriction fragment length polymorphism (T-RFLP), denaturing 

gradient gel electrophoresis (DGGE), amplified rDNA restriction analysis (ARDRA) and 

ribosomal intergenic spacer analysis (RISA), are used for analysis of species composition and 

determining the presence of common species in different environments (Torsvik and Øvreås, 

2002).  

DGGE is a commonly used culture-independent DNA fingerprinting technique, which 

utilizes principle of separating similar sized DNA fragments based on difference in melting 

behavior (GC content). Amplified PCR product is separated on polyacrylamide gels 

containing a gradually increasing gradient of chemical denaturants to generate a genetic 

fingerprint. Individual bands from this fingerprint can be cut out, re-amplified and sequenced 

for identification of relative microbe. Based on this phenomenon DGGE can be used to study 

microbial diversity in particular environments e.g., plant rhizosphere microbial community 

(Teixeira et al., 2010; Doornbos et al., 2011), effect of different pollutants on soil or 

rhizosphere community (Schmalenberger et al., 2008; Cycoń et al., 2013a; Kukla et al., 

2014) or bioremediation assessment (Cea et al., 2010; Tien et al., 2013). For bioremediation 

assessment, DGGE is frequently used to determine similarities/differences in microbial 

community composition between different models or to examine shift in microbial 
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community structure for some duration or following a treatment. Enrichment culture 

techniques are normally used for isolation of pesticide degrading bacteria but they have been 

criticized for being biased in selection of rapidly growing bacteria whose role in in-situ 

bioremediation is uncertain. Culture-independent molecular biological techniques have 

provided a solution to this problem with microbial ecology and diversity techniques used to 

study complex microbial populations in pesticide-contaminated environments. Enrichment 

culture methods can be combined with molecular ecology techniques to characterize the 

interactions that occur throughout the enrichment procedure among pesticide degrading 

bacteria (Ferreira et al., 2009a; Chanika et al., 2011) and study the ecological importance of 

isolated pesticide degrading bacterial strains (Zhou et al., 2014).  

PLANT GROWTH PROMOTING CHARACTERISTICS 

Bacteria in soil or plant rhizosphere possess ability to exert beneficial effects on plant 

development through release of hormones, chelating agents, nitrogen fixation, antimicrobial 

properties or mineral solubilization (Khan et al., 2009). Bacteria can synthesize hormones 

like auxin, cytokinins and ethylene which are essential for plant growth and development. 

Indole acetic acid (IAA) is dominant form of auxins which participates in organogenesis, and 

cellular processes e.g., cell division, elongation and differentiation. Many bacteria such as 

Bacillus, Pseudomonas and Azospirillum have been found to produce IAA (Ahmad et al., 

2008). Several soil bacteria possess ability to solubilize phosphorus for root uptake by 

secreting organic acids for example formic acid, propionic acid, gluconic acid or lactic acid. 

Bacteria can also possess enzymes such as phosphatase or phytase that can convert insoluble 

forms of phosphorus to soluble forms (Hariprasad and Niranjana, 2009). Nitrogen fixation is 

carried out by smbiotic bacteria such as Rhizobium, Bradyrhizobium and Sinorhizobium etc. 

but under certain circumstances free living bacteria such as Pseudomonas, Klebsiella, 

Enterobacter and  Azospirillum can also fix nitrogen (Hayat et al., 2010). The use of bacteria 

in agricultural set up and plant production for nutrient supply, plant growth improvement and 

plant pathogens control is quite common (Hariprasad and Niranjana, 2009; Jha and Kumar, 

2009; Schoebitz et al., 2013). More recently, such bacteria are being utilized for 

mineralization of organic contaminant or bioremediation of soil (Rajkumar et al., 2006; Zaidi 

et al., 2006; Wani et al., 2007; Zhang et al., 2011b). Bacteria from pesticide contaminated 

soil can possess these plant growth promoting abilities along with pesticide degradation 

potential (Bano and Musarrat, 2004; Zhao et al., 2014; Zhou et al., 2014). Based on these 
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diverse biological characteristics, such isolates offer incredible agronomic and environmental 

impact.  

The main objectives of this study were; (a) to select and characterize CP and CM bacterial 

isolates which further included isolation of CP or CM degrading bacteria from Pakistani 

agricultural soils, screening for pesticide resistance and degradation potential to select 

proficient CP or CM degrading bacterial isolates, biochemical characterization and antibiotic 

and heavy metal resistance profiling of selected isolates and identification of bacterial isolates 

based on 16S rRNA  gene sequence, (b) to evaluate pesticide biodegradation potential which 

furth included determination of CP and CM biodegradation kinetics in liquid cultures, 

analysis of effects of additional carbon source, pH and temperature on biodegradation 

potential and determination of substrate range of selected CP and CM-bacterial strains, (c) to 

analyze the survival, proliferation and changes in bacterial community during enrichment 

culturing in presence of pesticides, (d) to study molecular basis of pesticide biodegradation 

which included determiantion of biodegradative enzyme activities and effect of CP or CM on 

total protein content and protein expression of selected bacterial strains, (e) to exploit the 

selected strains for bioremediation of contaminated soils and (f) to determinae the plant 

growth promoting characteristics of selected strains and to analyse their effects on plant 

development and pesticide biodegradation by soil inoculation.  
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CHAPTER 2 

MATERIALS AND METHODS 

Pesticide solutions were prepared in methanol or acetone and filter sterilized. All the required 

media, solutions and buffers were prepared in glass-distilled water and autoclaved at 121ºC at 

15lb/inch
2
 for 15 minutes.  Moreover all glass-ware was washed, autoclaved and dried at 

60°C in oven before use. During incubation and subsequent culture handling aseptic 

techniques were employed. Chemicals and organic solvents used were of analytical grade. pH 

of media and solutions was set at 7.0 otherwise mentioned.  

MATERIALS 

Table 2.1 Pesticide Solutions (40%) 

S. No. Components Amount – g 10mL
-1

 

1 Chlorpyrifos 4.0  

2 Profenophos 4.0  

3 Triazophos 4.0  

4 Cypermethrin 4.0  

5 Bifenthrin 4.0  

6 Deltamethrin 4.0  

7 Carbofuran 4.0  

10 Methanol/Acetone 10.0 mL 

The 40% solution was prepared for each pesticide separately and mixed 

with 0.5% Triton-X to make these soluble in media. 

Table 2.2 Metabolite Solutions (20%) 

S. No. Components Amount – g 10mL
-1

 

1 TCP 2.0  

2 3-PBA 2.0  

3 Catechol 2.0  

5 Phenol 2.0  

6 Methanol 10.0 mL 

The 20% solution was prepared for each pesticide separately. 

Table 2.3 Mineral Salt Medium (Li et al., 2010) 

S. No. Components Amount – g L
-1

 

1 K2HPO4 1.5  

2 KH2PO4 0.5  

3 NaCl 0.5  

4 (NH4)2 SO4 0.5  

5 MgSO4.7H2O   0.2  

6 Trace Element Solution 10 mL 

7 dH2O 990 mL 

1.5% agar was added to solidify the media when needed.  
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Table 2.4 Trace Element Solution (Cunliffe and Kertesz, 2006) 

S. No. Components Amount – mg L
-1

 

1 Na2EDTA.2H20 500.0 

2 FeCl2.4H2O 143.0  

3 ZnCl2 4.70 

4 MnCl2. 4H2O 3.00  

5 H3BO3 30.0 

6 CoCl2.6H2O 20.0 

7 CuCl2.2H2O 1.00 

8 NiCl2.6H2O 2.00 

9 Na2MoO4.2H2O 3.00 

10 CaCl2. 2H2O 100.0 

Table 2.5 LB-Agar (Cappuccino, 2005) 

S. No. Components Amount – g L
-1

 

1 Trypton 10.0  

2 Yeast Extract 5.0 

3 NaCl 5.0 

4 Agar 15.0 

In case of LB-broth agar was excluded. 

Table 2.6 Tris Minimal Medium (Mergeay et al., 1985) 

S. No. Components Amount – g L
-1

 

Solution A 

1 Tris base 6.06  

2 NaCl 4.68   

3 KCl 1.49  

4 NH4Cl 1.07  

5 Na2SO4 0.43  

6 MgCl2.6H2O 0.20  

Solution B 

1 Na2HPO4 0.040  

2 Fe3NH4Citrate (0.48%) 10 mL 

3 Gluconate 2.0  

4 Agar 15.0 

Solution A and B were autoclaved separately and mixed and 1ml of trace 

element solution (table 2.2) was added.  

Table 2.7 Nutrient Broth (Cappuccino, 2005) 

S. No. Components Amount – g L
-1

 

1 Peptone 5.0  

2 Beef extract 3.0 
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STAINING SOLUTIONS (Cappuccino, 2005) 

Table 2.8 Crystal Violet Solution 

S. No. Components Amount – 100 mL
-1

 

Solution A 

1 Crystal violet 2.0 g  

2 95% Ethanol  20 mL 

Solution B 

1 Ammonium oxalate 0.8 g 

2 dH2O 80.0 mL 

Solution A and B were mixed and filtered through paper prior to use. 

Table 2.9 Iodine Solution 

S. No. Components Amount – 300 mL
-1

 

1 Iodine 1.0 g 

2 Potassium iodide 2.0 g 

3 dH2O 300.0 mL 

Table 2.10 Safranin Solution 

S. No. Components Amount – 100 mL
-1

 

1 Safranin O 0.25 g 

2 95% Ethanol 10.0 mL 

3 dH2O 90.0 mL 

Table 2.11 Malachite Green Solution 

S. No. Components Amount – 100 mL
-1

 

1 Malachite green 0.5 g 

2 dH2O 100.0 mL 

SOLVENT SYSTEMS FOR TLC PLATE DEVELOPMENT 

Table 2.12 Solvent for CP Development   

S. No. Components Amount – 100 mL
-1

 

1 Chloroform 80.0 mL 

2 Hexane 20.0 mL 

Table 2.13 Solvent for TCP Development  

S. No. Components Amount – 100 mL
-1

 

1 Ethylacetate 50.0 mL 

2 isopropanol 30.0 mL 

3 NH4OH 20.0 mL 

 Table 2.14 Solvent for CM Development 

S. No. Components Amount – 100 mL
-1

 

1 Toluene 75.0 mL 

2 Diethyether 25.0 mL 

3 Acetic acid 1.0 mL 
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REAGENTS AND MEDIA FOR BIOCHEMICAL TESTING (Cappuccino, 2005) 

Table 2.15 Catalase Reagent  

S. No. Components Amount – 10 mL
-1

 

1 Hydrogen peroxide (H2O2) 0.81 mL 

Table 2.16 Oxidase Reagent 

S. No. Components Amount –10 mL
-1

 

1 
Tetramethyl-p-phenylenediamine 

dihydrochloride 
0.1 g 

Table 2.17 MR/VP Broth  

S. No. Components Amount – g L
-1

 

1 Peptone 7.0  

2 K2HPO4 5.0  

3 Glucose 5.0  

pH was adjusted to 6.9 

Table 2.18 Methyl Red Solution 

S. No. Components Amount – 300 mL
-1

 

1 Methyl red 0.1 g 

2 95% Ethanol 300 mL 

Methyl red was dissolved in ethanol and made the final volume by 

adding distilled water.  

Table 2.19 Barritt’s Reagent  

S. No. Components Amount – 100 mL
-1

 

Barritt’s Reagent A 

1 α-naphthol 5.0 g 

2 Absolute Ethanol 100 mL 

Barritt’s Reagent B 

1 KOH 40.0 g 

 2 Distilled water 100 mL 

Table 2.20 Simmon’s Citrate Agar (DIFCO, USA) 

S. No. Components Amount – L
-1

 

1 Simmon’s Citrate agar 24.2 g 

Table2.21 SIM Agar  

S. No. Components Amount – L
-1

 

1 peptone 30.0  

2 Ferrous Amm. Sulphate 0.2   

3 Beef Extract 3.0  

4 Sodium thiosulphate 0.025  

5 Agar 10.0  

pH was adjust to 7.3 
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Table 2.22 Kovac’s Reagent  

S. No. Components Amount – 100 mL
-1

 

1 p-Dimethylaminobenzaldehyde 30.0 g 

2 Amy alcohol 75 mL 

3 HCl (conc.) 25 mL 

Table 2.23 Medium for Urease Test  

S. No. Components Amount – g L
-1

 

1 K2HPO4 9.10  

2 Na2HPO4 9.50  

3 Yeast Extract 0.1  

4 Phenol Red 0.01  

pH was adjusted to 6.9 

S. No. Components Amount – g L
-1

 

1 Urea 20.0  

Urea solution (B) was filter sterilized after adjusting the pH to 6.8, 

mixed with autoclaved solution A and poured into tubes.  

Table2.24 Medium for Gelatin Hydrolysis 

S. No. Components Amount – g L
-1

 

1 Tryptone 10.0 

2 Yeast extract 5.0 

3 NaCl 5.0 

4 Gelatin 4.0 

5 Agar 15.0 

Table2.25 Medium for Starch Hydrolysis 

S. No. Components Amount – g L
-1

 

1 Tryptone 10.0 

2 Yeast extract 5.0  

3 NaCl 5.0  

4 Starch 2.0 

5 Agar 20.0 

Table2.26 Medium for Casein Hydrolysis 

S. No. Components Amount – g L
-1

 

1 Peptone 6.0 

2 Beef extract 10.0 

3 NaCl 10.0  

4 Agar 12.0 

pH of medium was adjusted to 7.3 and combined with sterile skim 

milk was at 50-55°C.  

 

A 

B 
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Table 2.27 Medium for Nitrate Reduction Test  

S. No. Components Amount – g L
-1

 

1 Peptone 5.0 

2 Beef Extract 3.0 

3 KNO3 1.0 

pH was adjusted to 7.1 

Table 2.28 Reagents for Nitrate Reduction Test 

S. No. Components Amount – 100 mL
-1

 

α-Naphthylamine 

1 N-(1-Naphthyl)-ethylenediaminc 

dihydrochloride 
0.5 g 

2 HCL (1.5N) 100 mL 

Sulafanilic acid 

1 Sulfanilic acid 1.0 g 

2 HCL (1.5N) 100 mL 

Table 2.29 Hugh and Lifeson Medium 

S. No. Components Amount – g L
-1

 

1 Peptone 2.0 

2 NaCl 5.0 

3 K2HPO4 0.3 

4 Bromothymol Blue 0.03 

5 Glucose 10.0 

6 Agar 10.0 

Agar buds were made with 2% agar water. 

Table 2.30 Sugar Utilization Medium 

S. No. Components Amount – g L
-1

 

1 Peptone 2.0 

2 NaCl 5.0 

3 K2HPO4 0.3 

4 Bromothymol Blue 0.03 

5 Sugar* 10.0 

6 Agar 10.0 

pH was adjusted to 7.2 

*Glucose, Mannitol, sucrose, lactose or maltose was added. 

Table 2.31 Stock solutions for Metal Resistance Profiling 

S. No. Components Amount – g 100 mL
-1

 

1 Potassium dichromate 10.0 

2 Cobalt chloride 10.0 

3 Copper Sulfate 10.0 

4 Nickel Chloride 10.0  

5 Lead Nitrate 10.0 
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Table 2.32 Stock Solutions for Antibiotic resistance profile 

S. No. Components Amount – g 10 mL
-1

 

1 Ampicillin 1.0 

2 Tetracycline 1.0 

3 Gentamycin 1.0 

4 Erythromycin 1.0 

5 Chloramphenicol 1.0 

6 dH2O 10.0 mL 

AGAROSE GEL ELECTROPHORESIS SOLUTIONS (Sambrook and Russell, 2001) 

 Table 2.33 5X TBE Buffer (Stock solution) 

S. No. Components Amount – L
-1

 

1 Tris base 54 g 

2 Boric acid 27.5 g 

3 0.5M EDTA (pH 8.0) 20 mL 

4 dH2O Vol. upto 1000 mL 

Table 2.34 1X TBE Buffer (Working solution) 

S. No. Components Amount – L
-1

 

1 TBE buffer (5X) 100 mL 

2 dH2O Vol. upto 1000 mL 

Table 2.35 Stock solution of Ethidium bromide  

S. No. Components Amount – mL
-1

 

1 Ethidium Bromide 100 mg 

2 dH2O 1.0 mL 

Table 2.36 DNA Loading Dye 

S. No. Components Amount – 10 mL
-1

 

1 Tris-Hcl 10 mM 

2 Bromothymol Blue 0.03 % 

3 Glycerole  6 mL 

4 EDTA 60 mM 

SOIL DNA EXTRACTION  (Yeates et al., 1998) 

Table 2.37 10 mM Sodium Phosphate Buffer  

S. No. Components Amount – g 100 mL
-1

 

1 NaH2PO4. H2O 0.58  

2 Na2HPO4. 7H2O 1.55  

Table 2.38 MT Buffer  

S. No. Components Amount – g 100 mL
-1

 

1 Sodium Dodecyl Sulphate 1.0 

2 Polyvinyl pyrrolidone 1.0 
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3 Na2EDTA 3.73 

4 Tris-HCl 1.22 g 

pH was adjusted to 8 

Table2.39 PPS Buffer  

S. No. Components Amount – g 100 mL
-1

 

1 Potassium Acetate 73.5  

Table 2.40 Binding Matrix  

S. No. Components Amount 

1 MP biomedicals Binding Matrix 33.0 mL 

2 Guanidine Isothiocyanate 99.0 g 

DENATURING GRADIENT GEL ELECTROPHORESIS (Cunliffe and Kertesz, 2006) 

Table 2.41 50X  TAE  

S. No. Components Amount - L
-1

 

1 Tris Base 242 g 

2 Acetic Acid 57.2 mL 

3 0.5M Na2 EDTA (pH 8.0) 100 mL 

4 dH2O Volume upto 1000 mL 

Table 2.42 1X TAE 

S. No. Components Amount - L
-1

 

1 50X TAE 20 mL 

2 dH2O 980 mL 

Table 2.43 DGGE Loading dye 

S. No. Components Amount – 10 mL
-1

 

1 0.1% Bromophenol blue 10.0 mg 

2 0.1% Orange G 10.0 mg 

3 Glycerol 6.0 mL 

4 dH2O 4.0 mL 

Table 2.44 Denaturant Solutions 

S. No. Components 

Amount – 20 mL
-1

 

0% denaturant 

solution 

100% denaturant 

solution 

1 40% Acrylamide 5 mL 5 mL 

2 50X TAE 0.4 mL 0.4 mL 

3 dH2O 14.6 mL --- 

4 Formamide --- 8 mL 

5 Urea --- 8.4 g 

 



Materials and Methods 

33 
 

Table 2.45 Gradient Gel Composition 

S. No. Components 

Amount – 16ml
-1

 

Low Denaturant 

Gel (30%) 

High Denaturant 

Gel (70%) 

1 0% denaturant solution 11.2 mL 4.8 mL 

2 100% denaturant solution 4.8 mL 11.2 mL 

3 10% APS 100 µL 100 µL 

4 N,N,N’,N’-

tetramethylethylene diamine 

(TEMED) 

8.5 µL 8.5 µL 

Table 2.46 Gel Staining solution 

S. No. Components Amount – 20 mL
-1

 

1 1 X TAE 20 mL 

2 SYBR Gold 2 µL 

TOTAL PROTEIN ESTIMATION BY BRADFORD METHOD (Bradford, 1976a) 

Table 2.47 3M  Trichloroacetic Acid 

S. No. Components Amount – L
-1

 

1 Trichloroacetic acid 490.5 g 

2. dH2O 1 L 

Table 2.48 0.66 M Sodium Hydroxide 

S. No. Components Amount – L
-1

 

1 Sodium hydroxide 26.4 g 

2. dH2O 1 L 

Table 2.49 Bradford reagent  

S. No. Components Amount – L
-1

 

1 Commassie blue G250 50.0 mg 

2 Methanol 50.0 mL 

3 85% Phosphoric acid 100.0 mL 

4 dH2O 850.0 mL 

Table 2.50 Phosphate buffer for Enzyme assays (pH 7.0) 

S. No. Components Amount – 100mL
- 1

 

1 1M KH2PO4 2.11 mL  

2 1M K2HPO4 2.89 mL  

3 dH2O Vol. upto 100 mL 

SDS-PAGE SOLUTIONS (Laemmli, 1970) 

Table 2.51 30% Acrylamide Solution  

S. No. Components Amount – g 100 mL
- 1

 

1 Acrylamide 29.0  

2 N,N'- methylenebisacrylamide 1.0  
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Table 2.52 10% APS 

S. No. Components Amount – g mL
- 1

 

1 Ammonium persulphate 1.0 

Table 2.53 10% SDS 

S. No. Components Amount – g 10 mL
- 1

  

1 Sodium Dodecyl Sulphate 1.0  

Table 2.54 1.5 M Tris Buffer  

S. No. Components Amount – g L
-1

 

1 Tris-HCl 181.71  

After adding Tris-HCl to 600 mL dH2O, pH was adjusted to 8.8 and 

then volume was made upto 100 mL. 

Table 2.55 0.5M Tris Buffer  

S. No. Components Amount – g L
-1

 

1 Tris-HCl 60.57  

After adding Tris-HCl to 600 mL dH2O, pH was adjusted to 6.8 and 

then volume was made upto 100 mL. 

Table 2.56 5X Tris Glycine Buffer 

S. No. Components Amount –g  L
-1

 

1 Glycine 216.0  

2 Tris-HCl 45.1  

3 SDS 15.0  

Table 2.57 1X SDS Gel Loading dye 

S. No. Components Amount – 8 mL
-1

 

1 0.5 M tris-HCl 1.0 mL 

2 Glycerol 1.6 mL 

3 10% SDS 1.6 mL 

4 β-mercaptoethanol 0.4 mL 

5 0.5% Bromophenol Blue 0.4 mL 

6 dH2O 3.0 mL 

Table 2.58 Staining Solution  

S. No. Components Amount – 100 mL
- 1

 

1 Methanol 50.0 g 

2 Acetic Acid 10.0 mL 

3 Comassie Blue 0.25 g 

4 dH2O 90 mL 

Table 2.59 Destaining Solution 

S. No. Components Amount – L
- 

1 Acetic acid 100 mL 
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2 dH2O 900 mL 

Table 2.60 SDS-PAGE Gel Formulation  

S. No. Components 
Amount-10 mL

-1
 

Resolving Gel Stacking Gel 

1 Acrylamide solution 4.0 mL 1.3 mL 

2 1.5 M Tris-HCl 2.5 mL --- 

3 0.5 M Tris-HCl --- 2.5 mL 

4 10% SDS 100 µL 100 µL 

5 10% APS 50.0 µL 50.0 µL 

6 N,N,N’,N’-tetramethylethylene 

diamine (TEMED) 
5.0 µL 10.0 µL 

7 dH2O 3.35 mL 6.1 mL 

PGPR ASSAYS 

Chemicals for IAA Production Test 

Table 2.61 Tryptophan Stock (10%) 

S. No. Components Amount – g 10mL
-1

 

1 Tryptophan 1.0  

2 dH2O 10.0 mL 

Table 2.62 Salkowski’s Reagent (Tang and Borner, 1979) 

S. No. Components Amount  

A- 0.05M Ferric Chloride Solution 

1 FeCl3 0.08125 g 

2 dH2O 10 mL 

B- Perchloric acid (35%) 

1 HClO4 35.0 mL 

2 dH2O 65 mL 

Salkowski reagent was prepared by mixing 1 mL solution A and 50 mL 

of solution B. 

Table 2.63 Medium for Phosphate Solubilization (Pikovskaya, 1948) 

S. No. Components Amount – L
-1

 

1 Glucose 10.0 g 

2 Ca3(PO4)2 5.0 g 

3 (NH4)2SO4 0.5 g 

4 NaCl 0.2 g  

5 MgSO4.7H2O 0.1 g 

6 KCl 0.2 g 

7 Yeast Extract 0.5 g   

8 MnSO4 Trace 

9 FeSO4.7H2O Trace 

10 Agar 15.0 g 
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Chemicals for Ammonia Production Test (Cappuccino, 2005) 

Table 2.64 Peptone water 

S. No. Components Amount – g L
-1

 

1 Peptone 10.0 

2 NaCl 5.0 

Table 2.65 Nessler's Reagent 

S. No. Components Amount – L
-1

 

A- KI2 solution 

1 Potassium Iodide 50.0 g 

2 dH2O 35.0 mL 

B- HgCl2 solution 

1 Mercuric chloride 22.0 g 

2 dH2O 350.0 mL 

C- NaOH solution 

1 NaOH 40.0 g 

2 dH2O 200.0 mL 

Add saturated solution of mercuric chloride to potassium iodide 

solution until precipitation occurs and add 200 mL of 5N NaOH 

solution and make volume upto 1L.   

Table 2.66 Primers Used for Amplification of 16S rRNA Gene 

PCR Primer Sequence (5'→3') Reference 

27F AGA GTT TGA TCC TGG CTC AG (Heuer et al., 1997) 

1492r TAC GGT TAC CTT GTT ACG ACT T (Heuer et al., 1997) 

341f CCT ACG GGA GGC AGC AG (Muyzer et al., 1993) 

518r ATT ACC GCG GCT GCT GG (Muyzer et al., 1993) 

341f-GC CGC CCG CCG CGC GCG GCG GGC 

GGG GCG GGG GCA CGG GGG GAT 

TAC CGC GGC TGC TGG 

(Muyzer et al., 1993) 

Mpd-f292 ACC GGT TAC CTC GTC AAC AC This study 

Mpd-r648 CGA GRA AGG CTT GAA CTT GC This study 

Mpd-f109 GCA CCG CAG GTG CGC ACC TCG This study 

Mpd-f993 CTT GGG GTT GAC GAC CG This study 

Opd-f74 TYG TCG ATG TGT CGA CTT TC This study 

Opd-r471 TGA CCR ATA CAA ACC CGT GA This study 

Opd-f119 TGC GCG GTC CTA TCA CAA TC This study 

Opd-r897 ACC CGA ACA GCC AGT CAT TC This study 

PytZ-f TCA AAC CTA TGA GCA CCG G This study 

PytZ-r GCC AGA CAA GCT CGA CAT C This study 

PytH-f GGA TGA AAT GTT CGG CAG GC This study 

PytH-r ATG GAG CAT TAT ACC CGC CC This study 
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Figure 2.1: PCR programs used for amplification of different genes 
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METHODS 

Soil Sampling 

Soil samples were collected from cotton, sugarcane or wheat growing agricultural fields from 

different areas of Punjab having history of organophosphate and pyrethroid usage in pest 

control activities for last 10-15 years (Table 2.67). Soil samples were collected from 10-15 

cm depth from cultivated areas in sterile plastic bags and stored at 4ºC. Soil samples were 

collected during March 2010 from Wheat fields while time period for sampling from sugar 

cane and cotton fields was July-September 2010. Soil samples were studied for its physical 

characteristics like pH, soil type and organic matter content (Table 2.68).  

TABLE 2.67: Location of soil sample collecting sites with name of pesticides applied on 

crops. 

S. No. Soil Collection Site Symbols  

1 Lahore rice and wheat field LRF 
Chlorpyrifos, Lambda-Cyhalothrin, 

Cartap, Imidacloprid, Bromoxynil 

2 Jhang cotton field JCF 
Chlorpyrifos, Deltamethrin, 

Cypermethin, profenophos 

3 Multan cotton Field MCF 
Chlorpyrifos, Deltamethrin, 

Cypermethin, profenophos 

4 Faisalabad sugarcane Field FSF Chlorpyrifos, carbofuran, imidacloprid 

5 Renala khurd cotton field RCF Chlorpyrifos, Deltamethrin, profenophs 

 

TABLE 2.68 Physical characteristics of soil samples including temperature, pH, moisture 

content, texture, water holding capacity and organic matter content.  

S. No. 

Soil 

Collection 

Site 

Soil Parameters 

Temp pH 
MC

  

(%) 
Texture 

WHC
  

(%) 
OMC(%) 

1 LRF 29 ºC 7.1 18.2 Clay loam 42.0 3.6 

2 JCF 29 ºC 6.9 20.6 Clay loam 38.5 4.3 

3 MCF 36ºC 7.1 20.51 Clay loam 40.91 3.5 

4 FSF 30 ºC 6.8 22.4 Clay loam 42.0 4.5 

5 RCF 31ºC 7.3 16.5 Sandy loam 35.2 2.5 
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The soil samples were air dried and sieved (2-mm mesh). Soil was mixed with 2 volumes of 

distilled water and pH was determined. Texture of soil was determined using hydrometer 

method as described by Bouyoucos (1962). Organic matter content (OMC) and water holding 

capacity (WHC) of soil were determined by methods describes by Ali et al. (2011). OMC 

was analyzed by measuring the loss in weight after igniting the samples at 450°C. For 

determination of WHC 100 g soil was saturated with water and dried in oven at 105 °C, until 

a constant weight was achieved. The WHC was calculated as the percentage of original 

weight. The pH of the soil samples was between 6.8 and 7.3 with a temperature range of 29-

36ºC. These soil samples were related to the sandy loam and clay loam class of texture with 

17.7-20.51% moisture content, 35.2-42.0% water holding capacity and 2.5-4.3% organic 

matter content. 

Enrichment and Isolation of Pesticide Degrading Bacteria 

Enrichment culture procedure using pesticide contaminated soil samples was used to isolate 

pesticide degrading bacteria. Five grams of air dried and sieved (< 2 mm) soil samples were 

suspended in 50 mL mineral salt medium (Table 2.3 & 2.4) in 250 mL Erlenmeyer flasks. 

The mineral salt medium was supplemented with CP or CM at concentration of 50 mgL
-1

 

from 40% stock solution (Table 2.1). The flasks were incubated at 30ºC at 150 rpm for one 

week. Enrichment culturing was carried out for four weeks and at the end of every week 5 

mL of culture was transferred to fresh media and incubated with same conditions and 1 ml 

culture was used to make serial dilutions upto 10
-5 

while 10
-3

, 10
-4

 and 10
-5

 dilutions were 

plated on mineral salt medium. Agar plates were incubated at 30ºC and growth was observed 

for 7 days. The individual bacterial colonies that grew on the medium were sub-cultured onto 

mineral agar containing same concentration of pesticide to get pure cultures. Moreover, at the 

end of every week 3 mL culture was separated and centrifuged, pellet was used to isolate 

DNA for community analysis. 

Morphological Characterization of Bacteria 

Colony morphology 

Morphology of a single colony is an important tool in the description and identification of 

microorganisms. A colony is theoretically derived from single cell and has particular shape, 

size, color and consistency, that allows selection and transfer of different species from mixed 

culture. Overnight cultures of bacterial strains on LB agar (Table 2.5) plates were observed 
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visually or with stereomicroscope for size, shape, color, elevation, margin and consistency of 

individual colonies.  

Cell morphology 

Cell morphology is observed with specific staining technique for cell and extracellular 

structures and is routinely used for identification of microorganisms. Cell shape, arrangement 

and presence of extracellular structures of bacterial cultures were observed under the 

microscope. Tests performed were gram staining, spore staining, capsule staining and 

motility test.  

Gram staining  

Gram stain is used to differentiate between Gram-positive and Gram-negative bacteria on the 

basis of distinct differences in their cell walls. In Gram staining, the cells are heat fixed and 

stained with crystal violet (CV). The CV stain is then fixed with I2-KI mixture, washed with 

95% alcohol and counterstained with safranin. Gram-positive cells retain the initial crystal 

violet, while Gram-negative cells are decolorized by ethanol and hence show pink counter 

stain. For gram staining, a thin layer of 24 hrs fresh bacterial culture was made on glass slide 

and heat fixed. Smear was stained with CV solution (Table 2.8) for 1 min., washed with H2O 

and flooded with I2-KI solution (Table 2.9) for 1 min. After washing with H2O the smear was 

flooded with 95% ethanol for 10 seconds and washed off with H2O. The smear was then 

counter-stained with safranin (Table 2.10) for 45 seconds, washed with H2O and air-dried. 

Slides were examined with the microscope under oil immersion lens to study gram’s reaction 

and cell morphology. 

Endospore staining 

Some bacteria may form metabolically dormant structures called endospores to survive 

extreme environmental conditions. Endospore formation usually occurs in Gram-positive 

bacteria such as Bacillus and Clostridium. Endospores are stained by Schaeffer-Fulton 

method which makes endospores appear green while other bacterial bodies appear red. For 

spore staining, smear of 72 hrs old culture was made on glass slide and heat fixed. Smear was 

flooded with 0.5% malachite green solution (Table 2.11) and heated on the steam of water 

bath for 2-3 minutes. The slides were than washed with water and counter-stained with 

safranin (Table 2.10) for 30 seconds. After washing and air drying slides were observed 

under oil immersion for presence of endospores. 
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Capsule staining 

Some bacteria produce gelatinous outer layer that is called capsule. Most capsules are made 

of polysaccharides, but some are composed of polypeptides. Bacterial capsules are non-ionic 

therefore can’t be stained with acidic or basic stain. Therefore, these are visualized by 

staining the background with acidic dye and to stain the cell basic stain is used. For capsule 

staining, culture was mixed with a drop of india ink on glass slide. The drop was spread out 

into a film with the help of another glass slide. Film was air dried, saturated with safranin 

(Table 2.10) for one minute and washed with water. Slide was air dried and observed under 

oil immersion lens.  

Screening of Pesticide Resistant Bacteria 

Growth of pesticide degrading strains on gradient plate  

The bacterial isolates obtained from enrichment cultures were screened for pesticide (CP and 

CM) resistance using gradient plate method (Silambarasan and Abraham, 2012). Pesticide 

concentration gradient was prepared by adding bottom layer of 15 mL of minimal salt 

medium in Petri plates slanted at 30º angle. The agar was left to solidify into slanted layer at 

room temperature. Another, 15 mL of agar containing CP or CM at concentration of 500 mg 

L
-1

 was poured on set base to make pesticide gradient across the plate surface. Isolate culture 

was streaked along the pesticide gradient and incubated at 30ºC for 7 days. The bacterial 

growth length along the gradient was recorded after incubation. Isolates with highest growth 

along the gradient were selected as highly resistant strains.  

Minimum inhibitory concentration (MIC) of pesticides 

Minimum inhibitory concentration and tolerance to pesticide (CP or CM) was determined for 

bacterial isolates using Tris-minimal broth (Table 2.5) assay. Erlenmeyer flasks (100 mL) 

containing 25 mL Tris-minimal medium (Table 2.6) amended with gradually increasing 

pesticide concentrations from 25-500 mg L
-1

. Flasks were inoculated with 250 µL of bacterial 

suspension (O.D set at 1.0 at 600 nm) and incubated at 30ºC at 150 rpm for 10 days. After 

incubation bacterial growth was evaluated as O.D600nm.  

Percentage degradation of pesticides 

Percentage CP or CM degradation by bacterial isolates was determined by shake flask 

studies. Erlenmeyer flasks (100 mL) containing mineral salt medium (50 mL) amended with 

100 mg L
-1 

of CP or CM were inoculated with respective bacterial cell suspension (O.D set at 

1.0 at 600 nm) in triplicates and incubated at 30
ᴏ
C at 150 rpm for 10 days. After incubation 
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culture from control and treated flasks was removed and centrifuged. The supernatant was 

extracted thrice with ethyl acetate (100 mL) and the collected organic phase was dried over 

anhydrous Na2SO4 and concentrated on rotating evaporator at 40
ᴏ
C under vacuum. The 

residues were dissolved in methanol and final volume was made to 2 mL for TLC and HPLC 

analysis.  

Thin layer chromatography (TLC) 

CP biodegradation was detected by method described by Cho et al. (2009) and CM 

biodegradation was detected by TLC method described by Tallur et al. (2008). Organic 

extracts were analyzed for metabolite detection of pesticide biodegradation by thin layer 

chromatography. Silica gel F-254 TLC aluminum sheet (MERCK) with 0.2 mm gel thickness 

was used for analysis with following solvent systems: 

i. Hexane: Chloroform (1:4, v/v) for chlorpyrifos (Table 2.12) 

ii. Ammonium hydrooxide: Isopropanol: Ethylacetate (2:3:5, v/v) for TCP (Table 2.13) 

iii. Acetic acid: Diethyl ether: Toluene (1:25:75, v/v) for CM and metabolites (Table 

2.14). 

The TLC plates were visualized under UV light at 254 nm or after exposure to iodine vapors 

for separation of metabolites. Rf values for different intermediates were determined by 

dividing distance moved by the compound by the distance moved by solvent front.  

High performance liquid chromatography (HPLC) 

CP, CM and their products were analyzed by SYKAM HPLC equipped with S 1122 HPLC 

Pump, programmable variable-wavelength UV detector S3210, Autosampler S 5200 , 

delivery system S1122 and phenomenex C18 hypersil column. Detector output was processed 

by Clarity chromatography software. Pesticide concentration analysis was conducted using 

gradient elution conditions as described by Baskaran et al. (2003) with initial solvent 

conditions of 100% solvent A [methanol: H20: Acetic Acid] (20:80:0.5) to 100% solvent B 

[methanol: H20: Acetic Acid] (80:20:0.5) in 20 mins. Sample injection volume was 20 µL. 

The calibration curves of pesticides and products were made from the dilutions of these 

compounds dissolved in methanol (100%). The linear range and the linear regression 

equation were obtained sequentially at 0, 50, 100, 150, 250 and 300 µg mL
-1 

of different 

compounds.  Mean areas obtained from the standard solution were plotted against 

concentration to set up the calibration equation. The detection of CP and products was 

performed at 230 nm while CM and products were detected at 254 nm or array detection from 
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200-500 nm. The retention times of CP, TCP, CM and 3-PBA and catechol were 6.07, 2.7, 

6.0 and 2.97 and 3.02 respectively. The retention times of profenophos, triazophos, 

bifenthrin, carbofuran and λ-cyhalothrin were 7.52, 5.89, 9.6, 2.1 and 6.3, respectively. The 

limit of detection was found to be 0.08–0.2 µg L
-1

 or kg
-1

 and limit of quantification ranged 

from 0.5 to 1.6 µg L
-1

 or kg
-1

. 

In some cases detection was carried out by Dionex HPLC equipped with P680 HPLC Pump, 

Thermosted column compartment Tec-100, variable-wavelength UV detector, ASI automated 

sample injector and Shandon C18 hypersil column. Detector output was processed by 

Chromeleon data system. 

Biochemical Characterization of Bacteria 

Catalase test 

The enzyme catalase converts H2O2 into water and oxygen, thus helping an organism to cope 

with toxic O2 species. This test is used to detect an organism’s ability to produce catalase that 

is present more abundantly in strictly aerobic bacteria, while the enzyme is not produced by 

anaerobic bacteria. H2O2 (3%)  (Table 2.15) was added directly to bacterial culture placed on 

a clean microscope slide and evolution of O2 indicated by bubbling gave positive result.   

Oxidase test 

Oxidase enzyme plays a vital role in the operation of electron transport system during aerobic 

respiration and can be used to differentiate between aerobic and anaerobic bacteria. The 

oxidase test uses a reagent, tetra-methyl-p-phenylenediamine dihydrochloride as an artificial 

electron donor for cytochrome c. The oxidation of reagent by cytochrome c changes its color 

from colorless to a dark blue or purple compound. Well isolated colony was picked with the 

help of loop from 24 hrs fresh culture and rubbed onto filter paper soaked with oxidase 

reagent (Table 2.16). Oxidase positive bacteria changed color to dark purple within 5-10 sec, 

delayed oxidase positive bacteria changed color to purple within 60-90 sec while oxidase 

negative organisms did not change color.  

Methyl red (MR) and voges-proskauer (VP) test 

Some microbes ferment sugars by mixed acid pathway and produce and maintain stable acids 

that cause decrease in the pH (> 4.4) of culture medium. While other bacteria ferment sugars 

via butanediol pathway which results in lower degree of acidification of the culture medium. 

MR/VP test detects production of stable acids or acetoin. MR/VP broth tubes (Table 2.17) 

were inoculated and incubated at 35ºC for 48 hrs. For MR test 5-6 drops of methyl red 
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solution (Table 2.18) were added and noted for appearance of color. Development of bright 

red color indicated lowered pH and was recorded as MR positive while yellow color 

indicated negative test. For VP test 600 µL of Barritt's reagent A and 200 µL of Barritt's 

reagent B (Table 2.19) were added to the culture. Tubes were shaken gently for aeration and 

allowed to stand for 30 min to 1 hr and recorded for the formation of pink colored ring. KOH 

oxidizes acetoin to diacetyl that reacts with guanidine (peptone product) to form a pinkish-

red-colored product in presence of catalyst α-naphthol.  

Citrate utilization test 

In the absence of fermentable glucose, some microbes can use citrate as sole C source with 

the help of enzyme citrase. This test determines whether or not a microbe is able to 

metabolize citrate. In simmon’s citrate agar citrate acts as sole carbon source while 

ammonium salt acts as N source. Upon uptake by the cell citrate is cleaved by citrate lyase to 

form organic acids and CO2. CO2 reacts with water and the Na
+
 in the medium to produce 

sodium carbonate, which raises pH. In addition production of ammonium hydroxide from 

utilization of ammonium salts also increase pH. With the increase in medium pH above 7.6, 

pH indicator bromothymol blue changes color from dark green to Prussian blue. Simmon’s 

citrate agar slants (Table 2.20) were streaked with bacterial culture and incubated at 35ºC and 

observed for change in color after 24 and 48 hrs.  

Sulfide-indole-motility test 

The indole test determine the ability of microorganism to produce indole by breaking down 

amino acid tryptophan with enzyme tryptophanase. Under acidic conditions indole reacts 

with p-dimethylaminobenzaldehyde to produce the red dye rosindole. SIM agar is also used 

to determine motility and ability of bacteria isolates to produce H2S as a byproduct of 

metabolism. H2S reacts with ferrous ion in the medium to form ferrous sulfide, which from 

black precipitates. Motility is evidenced by the spread of bacterial growth radiating out from 

stab line. Non motile bacteria grow only along the stab line. SIM agar (Table 2.21) tubes 

were stab inoculated and incubated at 35ºC for 24 hours. The presence of indole was detected 

by addition of Kovac’s reagent (Table 2.22), which produces cherry red reagent layer. Results 

for motility and H2S production were also observed.  

Urease test 

Urease is a constitutively expressed enzyme in bacteria that hydrolyzes urea to carbon 

dioxide and ammonia. Urease test medium (Table 2.23) contain 2% urea and phenol red as a 
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pH indicator. An increase in pH due to the production of ammonia results in a color change 

from yellow (pH 6.8) to bright pink (pH 8.2). Urea broth tubes were inoculated and incubated 

at 35ºC and observed for color change at 8, 15, 24 and 48 hrs.  

Gelatin hydrolysis test 

The gelatin hydrolysis test detects the ability of bacteria to produce gelatinase, extracellular 

protease secreted by some bacteria to hydrolyze or digest gelatin. It converts gelatin first to 

polypeptides and then to amino acids. Gelatin hydrolysis is detected by using LB medium 

supplemented with 0.4% gelatin (Table 2.24). Plates were stab inoculated with isolates and 

incubated at 35ºC for 24-48 hrs. Positive result was indicated by clear zones around 

gelatinase positive colonies.  

Starch hydrolysis test 

Some bacteria possess ability to produce and secrete extracellular enzymes α-amylase and 

oligo-1,6-glucosidase that hydrolyze starch molecules outside the cell by cleaving the 

glycosidic bonds between glucose subunits. The resultant molecules more readily enter into 

the cells to be used as energy source. Starch hydrolysis is detected by using starch agar 

(Table 2.25). Plates were inoculated with isolates and incubated at 35ºC for 24-48 hrs. After 

incubation, surface of agar was flodded with Gram's iodine solution. Formation of a clear 

halo around the bacterial growth indicated starch hydrolysis. 

Casein hydrolysis test 

The casein hydrolysis test detects the ability of bacteria to produce casease, extracellular 

protease secreted by some bacteria to hydrolyze milk protein casein. The white color of milk 

is due to opaque suspension of casein. Casease breakdown casein to smaller polypeptides, 

peptides and amino acids that can enter the cell and be utilized by bacteria. When broken 

down into smaller fragments, casein loses its opacity and becomes clear. In case the bacterial 

organism is producing casease, the casein will be broken down and a clear halo will be 

formed around the growth. Casein hydrolysis was detected by using a complex medium 'milk 

agar' which contained skim milk (lactose and casein), peptone and beef extract (Table 2.26). 

Plates were stab inoculated with isolates and incubated at 35ºC for 24-48 hrs. Positive result 

was indicated by clear zones around casease positive colonies.  

Nitrate reduction test 

Nitrate reduction by bacteria is mediated by nitrate reductase and indicates the organism's 

ability to use NO3
‾ 
as an electron acceptor during anaerobic respiration. This ability is present 
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in aerobic and facultative anaerobic bacteria. Nitrite may be reduced to a variety of Nitrogen 

products including NO, N2O, N2 and NH3. This test was performed to determine nitrate 

reduction ability of bacteria. For this nitrate broth (Table 2.27) was inoculated and incubated 

at 35ºC for 24-48 hrs. 0.5 mL of 1% sulfanilic acid and 0.5 mL of 0.5% α-naphthylamine 

(Table 2.28)  were added to the culture. Production of red color indicated reduction of nitrate 

to nitrite that reacted with added reagents. In tubes with no red color, zinc dust was added to 

differentiate between negative reaction and complete reduction. No color change indicated 

reduction of nitrate to compounds other than nitrite. While appearance of red color showed 

organism’s inability to reduce nitrate and that Zn has reduced nitrate to nitrite that gave pink 

color, so it was interpreted as negative result.  

Oxidation fermentation test 

The capability of bacteria to utilize carbohydrates by oxidation or fermentation was tested by 

inoculating strains in Hugh and Leifson medium (Table 2.29) with or without agar plug. 

Incubation conditions were 35ºC for 7 days. Change in color from bluish green to yellow in 

test tubes without plugs indicated oxidative quality of strains, while change in color of 

medium and production of gas in both sets of tubes (with and without plugs) showed the 

fermentative breakdown of carbohydrates by the bacteria.  

Sugar utilization and acid production 

Bacteria can ferment different types of carbohydrates, the end result of which is acid 

production. Hugh and Leifson medium was supplemented with glucose, sucrose, maltose, 

mannose and lactose separately (Table 2.30). Each organism was tested against all 

carbohydrates. Media was inoculated and incubated at 35ºC for 3 days. Acid production was 

indicated by the change in color of medium from bluish green to yellow.   

Growth Curves  

The typical bacterial growth curve depicts different stages of growth a bacterial culture will 

go through. The different steps of growth normally observed are: lag phase, log or 

exponential phase, stationary phase and death phase (Savitha and Raman, 2012). Growth of 

bacterial isolates was compared in presence and absence of pesticides (CP and CM). Growth 

curve experiments were conducted in 100 mL nutrient broth medium (Table 2.7)  either non 

supplemented or supplemented with 200 mgL
-1

 chlorpyrifos or cypermethrin. Optical 

densities of bacterial culture (O.D600) were measured after 0, 4, 8, 12, 16, 20, 24, 28, 32, and 

48 hrs.  



Materials and Methods 

47 
 

Determination of Antibiotic Resistance 

Use of naturally occurring antibiotics as therapeutic agents and application of antibiotics in 

various  agricultural setups can be the reason for antibiotic resistance in soil bacteria (Ghosh 

and Lapara, 2007). The antibiotic resistance mechanisms involve efflux pumps, modification 

of enzymes and target structures in microbes. The pesticide-degrading microbes were 

checked for their resistance against different antibiotics such as ampicillin (Amp), 

tetracycline (Tet), kanamycin (Km), erythromycin (Ery), chloramphenicol (Cm) and 

novobiocin (Nv). The antibiotic susceptibility was determined by streaking bacterial strains 

on Tris-minimal medium plates containing different concentrations of antibiotics (25-100 

µgmL
-1

). Plates were incubated at 35ºC for 24-48 hrs and minimum inhibitory concentration 

(MIC) was observed.  

Determination of Heavy Metal Resistance 

Soil microbes can also develop metal resistance due to contamination of soil by irrigation 

with heavy metal polluted water. The ability of microbes to adapt and inhabit heavy metal 

polluted sites depends upon resistance mechanisms such as efflux systems, metal 

precipitation, volatilization via methylation, adsorption uptake and metal biotransformation 

either directly by specific enzymes or indirectly by cellular metabolites (De et al., 2008). 

Resistance to heavy metal ions such as K2CrO4, CuSO4, CoCl2, CdCl2, NiCl2 and ZnCl2 was 

determined on Tris-minimal medium supplemented with various concentrations (100-500 

µgmL
-1

) of heave metals. The plates were incubated at 35ºC and growth was observed after 

48 hrs.  

Taxonomic Identification of the Bacterial Strains 

The 16S rDNA was amplified using universal primers 27f and 1492R (Heuer et al., 1997) 

(Table 2.59). The reaction mixture (50 µL) comprised of 20 pmol each primer, 25 µL PCR 

Master Mix (Thermoscientific) and ~20 ng of template DNA. The PCR reaction was 

performed with following cyclic profile: initial denaturation at 94
ᴏ
C for 1 min, annealing at 

50
ᴏ
C for 1 min, extension at 72

ᴏ
C for 2 min and final extension at 72

ᴏ
C for 10 min. The 

amplification was confirmed by agarose gel electrophoresis. Agarose gel (0.9%) was 

prepared in IX TBE (Table 2.34) and casted. Amplified product (5 µL) was mixed with 1µL 

DNA loading dye (Table 2.35) and loaded in wells. Electrophoresis was carried out at 80 

Volts for 30 mins using IX TAE as buffer system. Gels were stained with ethidium bromide 

solution (0.5 µgmL
-1

) for 15 mins. Gels were visualized using Dolphin-Doc Plus system 
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(Wealtech). The amplified PCR products were purified with thermoscientific GeneJET gel 

Extraction Kit and sequenced from Macrogen Korea, using ABI 3530 automated DNA 

sequencer.  

Biodegradation Studies 

Inoculum preparation 

Seed culture of each isolate was grown in nutrient broth containing 50 mg L
-1 

CP or CM, 

centrifuged at 4600 x g for 5 min, washed with MilliQ H2O to set an OD600 of 1.0. Colony 

forming units (cfu mL
-1

) of these suspensions were quantified by dilution plate counting. For 

pesticide biodegradation studies cell concentration of 1.6 x 10
7
 cfu mL

-1
 was used to keep 

equal cell numbers. 

Biodegradation of pesticides in liquid medium 

Shake flask studies were carried out to determine the time course of CP and CM degradation  

in mineral salt medium by isolated strains (Anwar et al., 2009).  Erlenmeyer flasks (250 mL) 

containing mineral salt medium (100 mL) amended with 100 mg L
-1 

of CP or CM were 

inoculated with respective bacterial cell suspension in triplicates. The flasks were incubated 

at 30
ᴏ
C with shaking at 150 rpm and un-inoculated flasks were used as control. After 0, 2, 4, 

6, 8 and 10 days, 10 mL of culture from control and treated flasks was removed and 

centrifuged. The supernatant was extracted thrice with 20 mL of ethyl acetate and the 

collected organic phase was dried over anhydrous sodium sulfate and evaporated on rotating 

evaporator at 40
ᴏ
C under vacuum. The concentrated extract was dissolved in methanol and 

final volume was made to 2 mL for HPLC analysis. For growth studies 1 mL culture was 

withdrawn after 0, 2, 4, 6, 8 and 10 days and growth was evaluated as OD600nm (Cycon et al., 

2009). 

Effect of different carbon sources on pesticide degradation 

Glucose and succinate werre used to examine the effects additional carbon sources on 

degradation of CP and CM by CP and CM-bacterial strain. Sterilized glucose and succinate 

solutions were added aseptically to 1% concentration into Erlenmeyer flasks (100 mL) 

containing mineral salt medium (25 mL) supplemented with 100 mgL
-1

 CP or CM. Flasks 

were inoculated with respective bacterial cell suspension in triplicates and incubated at 30
ᴏ
C 

and 150 rpm for 6 days. CP and CM degradation was analyzed by HPLC  and bacterial 

growth was evaluated as OD600nm. 
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Effect of different temperatures on pesticide degradation 

The ability of selected bacterial strains to degrade CP or CM at different temperatures was 

determined at 20ºC, 30ºC, 35ºC and 42ºC. Four sets (3 each) of  Erlenmeyer flasks (100 mL) 

were prepared for each isolate by pouring 25 mL mineral salt media per flask and labeled for 

temperature. Flasks were inoculated with were inoculated with respective bacterial cell 

suspension in triplicates and incubated at particular temperature with 150 rpm shaking for 10 

days. After incubation, percentage CP and CM degradation was measured by HPLC as 

described above.  

Effect of different pH on pesticide degradation 

The ability of selected bacterial strains to degrade CP or CM at different pH was determined 

at pH 5, 6, 7, 8 and 9. Five sets (3 each) of  Erlenmeyer flasks (100 mL) were prepared for 

each isolate by pouring 25 mL mineral salt media per flask and labeled for pH. Flasks were 

inoculated with were inoculated with respective bacterial cell suspension in triplicates and 

incubated at 30ºC with 150 rpm shaking for 10 days. After incubation, percentage CP and 

CM degradation was measured by HPLC.  

Cross feeding studies with different pesticides  

Degradation studies with other pesticides were carried out to determine the substrate range of 

CP and CM-degrading bacteria. CP-degrading strains were tested against triazophos, 

profenophos, cypermethrin, bifenthrin and carbofuran. The substrate range of CM-degrading 

strains was determined using bifenthrin, λ-cyhalothrin, deltamethrin, chlorpyrifos and 

carbofuran as carbon sources. Erlenmeyer flasks (100 mL) containing 25 mL mineral salt 

medium and amended with 100 mgL
-1 

of
 
pesticide were inoculated with 1.6 x 10

7 
cfu mL

-1
 of 

CP or CM degrading strains. The experiment was conducted in triplicate with non-inoculated 

samples as controls. Flasks were kept at 30ºC with shaking at 150 rpm for 10 days. The 

pesticide residues were analyzed by HPLC. 

Bacterial Diversity Analysis 

DNA extraction from soil and enrichment cultures 

DNA was extracted from soil and enrichment cultures using 'Fastprep DNA extraction from 

soil' adapted from Yeates and Gillings (1998). 300 g of soil or pellet from 1.0 mL enrichment 

culture were added to bead beating tubes with lysis solution [750 µL sodium phosphate 

buffer (Table 2.37) and 150 µL MT buffer (Table 2.38)]. Tubes were processed in bead 

beater for 2 mins at 2000 rpm and centrifuged for 1 min. The supernatant was transferred to 
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1.5 mL sterile tube and mixed with 125 µL of PPS buffer (Table 2.39) for protein 

precipitation. After centrifugation for 5 mins, supernatant was recovered and mixed with 

equal volume of binding Matrix (Table 2.40) by occasional inversion (in presence of 

concentrated salt solutions DNA binds to silica). After mixing for 5 mins, binding matrix was 

pelleted down by pulse spin and washed twice with 70% ethanol. The binding matrix was 

then pelleted down after final washing and open tubes were incubated at 55
ᴏ
C for 5 mins to 

air dry the pellet. Finally, binding matrix was re-suspended in 100-200 µL TE buffer, 

centrifuged and DNA containing supernatant was transferred to fresh tubes. The 

concentration of purified DNA was analyzed by NanoDrop 2000 UV-Vis spectrophotometer 

and DNA was stored at -20
ᴏ
C.  

Denaturing gradient gel electrophoresis (DGGE) 

16S rRNA gene DGGE PCR 

Partial eubacterial 16S rRNA gene fragments (V3) were amplified using primers GC-341f 

and 518r (Muyzer et al., 1993) (Table 2.57) using Xp Cycler (Bioer) or Genepro (Bioer) 

thermal cycler. PCR reaction mixtures were prepared by using Ready Mix from Kapa 

biosystems or Master Mix from Thermoscientific. With Ready Mix (Kapa Biosystems), the 

PCR was carried out in 25 µL PCR reaction using 5 µL buffer A (5X), 0.5 units KAPA2G 

Robust DNA polymerase, 10 pmol of each primer, 200 µM dNTPs, and ~10 ng of template 

DNA. With Master Mix (Thermoscientific), 25 µL reaction mixture comprised 10 pmol of 

each primer, 12.5 µL PCR Master Mix (Thermoscientific) and 10 ng of template DNA.  A 

touchdown protocol (Figure 2.1) was applied with an initial denaturation at 95ºC (5 min), 

followed by 10 cycles of 94ºC (30 sec), 60ºC (30 sec, -1ºC per cycle) and 72ºC (30 sec); and 

then 20 cycles for 95ºC (30 sec), 50ºC (30 sec) and 68ºC (30 sec), followed by a final 

extension at 68ºC (5 min).  

DGGE conditions  

Denaturing Gradient Gel Electrophoresis (DGGE) was performed as described by Kawasaki 

et al. (2011) with a D-code 16 cm x 16 cm electrophoresis chamber using 1X TAE (Table 

2.42) as buffer system (Bio-Rad). DGGE gels were prepared in 1X TAE with 10% (w/v) 

acrylamide/bisacrylamide. Stock of 0% and 100% denaturant [40% (v/v) formamide, 7 M 

urea] (Table 2.44) gel solutions were prepared and mixed in appropriate volumes to make 16 

mL of each low (30%) and high (70%) denaturant solutions (Table 2.45). A gradient mixer 

was used to pour gels to yield linear gradient gels. 
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A denaturant gradient of 30-60% was used for total bacterial community analysis. 10-20 µL 

(~200 ng) DGGE PCR products were used for loading of gel and electrophoresis was 

proceeded at 60
ᴏ
C at constant voltage of 63V for 16 hours. After running, the gels were 

stained with 2 µL SYBR Gold stain (Invitrogen Corporation, Carlsbad, CA, USA) in 20 mL 

of 1X TAE (Table 2.46) for 30 minutes in dark and then washed briefly with dH2O.  

Gel image analysis was carried out with the Gel Doc
TM

 XR system (Bio-Rad) and Quantity 

One V 4.6.9 software (Bio-Rad) or Dolphin-Doc plus system and Dolphin-1D software 

(wealtech). The presence or absence of bands was scored to give binary matrices and the 

produced binary matrices were subjected to statistical analysis using IBM SPSS statistic 20. 

Selected bands were cut out from the gel, washed in dH2O overnight at 4
ᴏ
C, and then crushed 

in 200 µL of dH2O. 0.5-1.0 µL template served for re-amplification using identical primers 

but lacking GC clamp. Resulted PCR product was purified and sequenced and searched for 

sequence homology and genus identification using ribosomal database project 

(rdp.cme.msu.edu/). 

Proteomic Analysis of Pesticide Degrading Bateria 

Total protein estimation (Bradford, 1976b) 

Strains were grown in mineral salt medium supplemented with CP or CM (100 mgL
-1

) or 

methanol (1% v/v). After incubation 200 µL of 3M trichloroacetic acid (table 2.47) was 

added to 1 mL cell suspension, mixed and frozen at -20ºC overnight. Precipitated cells were 

centrifuged and pellet was dissolved in 300 µL of 0.66M NaOH (Table 2.48) with shaking for 

half an hour. 10-50 µL protein dilutions were prepared in total 800 µL reaction volume. 200 

µL Bradford reagent (table 2.49) was added, vortexed and incubated at room temperature for 

5 mins and OD595 was taken.  

Enzymatic assays 

Enzyme assay is lab test to find out the involvement of an enzyme in a particular reaction and 

to determine the speed of substrate to product conversion by given amount of enzyme. 

Enzyme activity is expressed as moles of substrate converted per unit time. Specific activity 

gives measurement of enzyme purity in a mixture and is expressed as activity of an enzyme 

per milligram of total protein (µmole min
-1

 mg
-1

).  

To prepare the crude enzyme extract bacterial cultures were grown in MSM with pesticide 

[CP or CM (100 mg L
-1

)] or methanol (1% v/v) as control for 3 days at 30
ᴏ
C. Cultures were 

centrifuged (6000 x g for 5 mins) and pellets were washed twice with dH2O. The washed 
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cells were suspended in three volumes of 50 mM Phosphate buffer (pH 7.0) (Table 2.50). 

After disruption by ultrasonication on ice for 5 mins and centrifugation at 10,000 x g for 40 

mins at 4
ᴏ
C the supernatant was obtained as cell-free extract.  

Enzymatic assays for chlorpyrifos degradation  

Organophosphate hydrolase catalyzes the hydrolysis of chlorpyrifos to trichloropyridionl and 

diethylthiophosphoric acid. Hydrolase assay was carried out by measuring the decrease in 

substrate concentration as described by (Xu et al., 2008). Reaction mixture for enzyme assay 

consisted of 950 µL of 50 mM Phosphate buffer (pH 7) and 50 µL cell-free extract. 

Chlorpyrifos was added as substrate to at 50 mg L
-1

 concentration and incubated at 30
ᴏ
C for 

30 mins. After that, samples were extracted, and the residues were quantified by high 

performance liquid chromatography (HPLC). 

Enzymatic assays for cypermethrin degradation 

Different enzymes are involved in metabolic pathway of cypermethrin biodegradation in 

microbes. For example, esterase, 3-phenoxybenzaldehyde dehydrogenase, 3-

phenoxybenzoate dioxygenase, phenol hydroxylase and catechol-1, 2-dioxygenase (Tallur et 

al., 2008). Assays for some of these enzymes were carried according to Guo et al. (2009) and  

Tsai et al. (2005). Assay mixture was prepared with 950 µL of 50 mM Phosphate buffer (pH 

7.6), 50 µL crude enzyme extract and 0.5 µM NADPH. Substrates (cypermethrin, 3-PBA, 

phenol or catechol) were added to the mixture at concentration of 50 mgL
-1

 and incubated at 

at 30
ᴏ
C for 30mins. After that, change in absorbance was measured and residues were 

extracted and quantified by HPLC. 

 Esterase assay (Guo et al., 2009) 

Esterase hydrolyses ester linkage of cypermethrin to yield DCVA and another intermediate 

which is converted to 3-phenoxybenzaldehyde. Esterase activity was assayed by measuring 

the decrease in absorbance at 233 nm due to disappearance of substrate, cypermethrin.  

 3-Phenoxybenzoate dioxygenase (Guo et al., 2009) 

This enzyme catalyzes diphenyl ether cleavage of 3-phenoxybenzoate to yield 

protocatechuate and phenol. In the reaction mixture 3-PBA was used as substrate and activity 

was recorded by measuring increase in absorbance at 295 nm.  

 Phenol hydroxylase activity (Tsai et al., 2005) 

Phenol hydroxylase converts phenol to catechol by ortho cleavage. Its activity was assayed 

by measuring the decrease in absorbance at 340nm owing to disappearance of NADPH.  

 Catechol-1, 2-dioxygenase activity (Tsai et al., 2005)s 
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The ortho cleavage of catechol with the help of catechol-1, 2-dioxygenase results in 

formation of cis,cis-muconic acid. Catechol-1, 2-dioxygenase activity was assayed by 

determining the rate of accumulation of cis,cis-muconic acid by increase in absorbance at 260 

nm. 

SDS-PAGE analysis 

Difference in cellular protein expression after growth with methanol or pesticides (CP or 

CM) was determined by sodium dodecyl sulfate polyacrylamide gels electrophoresis (SDS-

PAGE). 12% polyacrylamide gels (Table 2.60) were used for profiling of cellular proteins. 

Bacterial strains were grown with different carbon sources for 72 hours, cells were 

centrifuged, washed twice and boiled with sample buffer (Table 2.57) at 85ºC for 10 minutes 

for cell lyses.  The lysed cells were centrifuged again and 10-15 µL supernatant was loaded in 

polyacrylamide gels. Electrophoresis was conducted at 15 mA for one and half hour using 1X 

Tris glycine as buffer system and gels were stained and destained with Commassie Blue stain 

(Table 2.58) and 1% acetic acid (Table 2.59), respectively.  

Pesticide Degrading Gene Amplification 

Degenerate primer designing 

Primers were designed for CP and CM degrading genes; The genes reported so far for CP 

degradation involves mpd (Li et al., 2007a) and opd (Siddavattam et al., 2003) genes that 

have been found in several bacterial strains. The genes reported for CM includes pytZ  (Zhai 

et al., 2012) and pytH  (Wang et al., 2009) genes among others, yet no two CM-degrading 

strains have been found to have similar sequence. Therefore, degenerate primers were 

designed at conserved regions of mpd and opd genes sequences obtained from NCBI database 

using information from gene alignments. Gene sequences were aligned using EBI ClustalW 

software. While gene sequences of pytZ and pytH were used as such to design primers. 

Primers were designed and selected using different softwares like Primer 3, NCBI/primer-

BLAST and Oligo7. Primers were obtained from Invitrogen or e-oligos. primer sequences are 

given in Table 2.66. 

PCR conditions 

Conditions were optimized for different sets of primers using gradient, nested, and 

touchdown programs and different additives at different concentrations. Reaction was carried 

out in 25 µL volume with 5U mango Taq, 5 µL Buffer (5X), 50 mM MgCl2 and 200 µM 

dNTPs, (Bioline), ~10 ng template DNA and 10 pmol of each primer. In other cases, 25 µL 
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reaction mixture was prepared with 12.5 µL master mix (Thermoscientific), ~10 ng template 

DNA ,10 pmol of each primer and 10 µL ddH2O. The positive results were obtained with 

after addition of different additives such as 1%1X BSA, 2% DMSO (Dimethyl Sulfoxide) 

and 5% Acetamide.  

Applied Bioremediation 

Biodegradation of pesticides in soil 

Biodegradation of pesticides in soils was carried out by method described by Baskaran et al. 

(2003). Degradation analysis of CP and CM in soils was carried out in sterilized and non-

sterilized soils inoculated with individual strains [(SS + inoculum) and (nSS + inoculum)]. 

Non-inoculated non-sterilized (nSS) and sterilized soils (SS) were used as control. Samples 

of 100 g soil were placed in sterile containers and spiked with CP or CM upto 200 mg kg
-1

 

concentration separately; at first acetone solution of pesticides was added to small portion (10 

g) of soil which was then mixed with rest of soil after solvent evaporation. Soils were 

inoculated with microbial suspension to give final concentration of 1.6 x 10
7
 cells g

-1
 and 

incubated at 40% of water holding capacity and 30
ᴏ
C. 

Samples were removed from incubated soils after different time intervals (0, 7, 14, 21, 28, 35 

and 42 days) and analyzed for residual pesticides and degradation products. Subsamples of 5 

g soils were weighed in falcon tubes and 15 mL of acidified acetone [acetone + water + conc. 

H3PO4 (98:1:1)] was added. The suspensions were stirred and rotated on an end-over-end 

shaker for 4 hrs and then centrifuged at 4000 rpm for 30 min.  The supernatant was collected 

and another 15 mL acidified acetone was added to falcon tube and shaking was repeated. The 

combined extract solution was concentrated using a rotating evaporator at 45
ᴏ
C. Residues 

were re-dissolved in 1 mL of methanol-water (90:10v/v) for HPLC analysis and filtered 

through a 0.45 µm filter for HPLC analysis.  

Determination of plant growth promoting characteristics 

Indole acetic acid (IAA) production 

For the determination of indole acetic acid production by bacterial strains the method 

described by (Ali et al., 2009) was used. Auxin production by bacterial strains was 

determined in the presence of precursor L-tryptophan. LB-broth (50 mL) supplemented with 

50, 100 and 150 µg mL
-1

 tryptophan was inoculated with 50 µL cell suspension (O.D600 = 

0.5) and incubated at 35ºC for 72 hrs at 120 rpm. After 48 and 72 hrs, culture was centrifuged 

and supernatant (2 mL) was mixed with 4 mL of salkowski’s reagent (Table 2.62). The 
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contents in test tube were allowed to stand for 30 minutes for color development. Intensity of 

color was evaluated as O.D535 and IAA quantity was measured by comparison with standard 

curve. The effect of CP or CM on IAA production ability of microbes was also evaluated. 

LB-broth in presence of 100 µg mL
-1 

tryptophan were supplemented with 100 or 200 mgL
-1 

of CP or CM and incubated with respective pesticide degrading strains. After incubation, the 

IAA quantity was measured as described above.  

Phosphate solubilization 

Soluble phosphorus is often a limiting macronutrient for plants. However, in soil phosphours 

occurs in immobilized form that is unavailable for plants. Several bacteria solubilize mineral 

or organic phosphates by production of low molecular weight organic acids or phosphatase 

enzymes, and in turn increase plant growth. Phosphate solubilization ability of bacteria was 

determined by method described by (Chakraborty et al., 2013) by plating the bacteria on 

pikovskaya agar medium (Table 2.63). The presence of clearing zone around bacterial 

colonies after one week incubation period at 35ºC indicated phosphate solubilization. 

Phosphate solubilization was described by Solubilization Index (SI) which is ratio of total 

diameter (colony + halo) to colony diameter. The effect of pesticides on phosphate 

solubilization ability of bacteria was also determined. The pikovskaya agar plates were 

supplemented with 100 and 200 mgL
-1 

CP or CM and streaked with respective bacterial 

strains and the phosphate solubilization was measure as described as above.  

Ammonia production  

Ammonia production by bacterial strains was performed by method described by Wani et al. 

(2007). NH3 production was determined by growing bacterial strains in peptone water. 

McCartney bottles containing 10 mL peptone water (Table 2.64) were inoculated with 

bacterial strains and incubated at 35ºC for 96 hrs. The NH3 production was detected by 

formation of yellow color in bottle by addition of Nessler's reagent and intensity of color was 

noted (Table 2.65). The effect of CP or CM presence on ammonia production by strains was 

evaluated by addition of 100-200 mgL
-1

 CP or CM to peptone water. The results were 

observed by addition of Nessler's reagent and development of yellow color.  

Plant growth promotion along with pesticide degradation in soil 

Bacterial strains which exhibited plant growth promoting traits along with pesticide 

degradation were used for field studies. Pot experiments were carried out to examine the 
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effects of bacterial strain inoculation on plant growth promotion and pesticide degradation in 

natural wire house conditions under natural light and temperature.  

Preparation of inoculum 

For preparation of bacterial suspensions, bacterial strains were grown in 250 mL nutrient 

broth containing 50 mgL
-1 

CP or
 
CM at 30ºC and 150 rpm for 24 hrs for preparation of 

bacterial inoculum. Bacterial cells from cultures were harvested by centrifugation at 4600 x g 

for 5 mins, washed and re-suspended in sterilized glass-distilled H2O. Colony forming units 

(cfu mL
-1

) of these suspensions were quantified by dilution plate counting. Soils were 

inoculated with bacterial suspensions to a final concentration of  1.6 x10
7
cfu L

-1
 to keep the 

equal cell population of each strain. 

Seed sterilization 

Seeds of Vigna unguiculata (L.) Walp were used for pot experiments. Healthy seeds were 

selected and washed with water to remove dust. Seeds of V. unguiculata were then surface 

sterilized by soaking in 0.1% HgCl2 solution for 5 mins with constant shaking. To remove all 

traces of HgCl2 seeds were washed repeatedly (3-4 times) with sterilized glass-distilled water.  

Soil spiking with pesticide  

Pesticide contaminated agricultural field soil was filled (1.5 kg) in each pot (13 x 15 cm) and  

spiked with CP or CM upto 200 mg kg
-1

 concentration. At first, acetone solution of pesticides 

was added to small portion (50 g) of soil which was then mixed with rest of soil after solvent 

evaporation. Soils were inoculated with microbial suspension to give final concentration of 

1.6 x 10
7
 cells g

-1
. 

Growth experiment with Vigna unguiculata (L.) Walp. 

Sterilized seeds of Vigna unguiculata (L.) Walp. were sown 1.0 cm deep in the soil and soil 

was moistened by sprinkling water. Sterilized seeds (8) were sown in each pot in triplicate. 

Water treated seeds sown in spiked and non-spiked soils were used as control. The pots were 

kept in wire house of Department of  Microbiology and Molecular Genetics, University of the 

Punjab, Lahore at ambient light and temperature. Seed emergence process was observed daily 

and following germination, thinning was done to leave 5 uniform seedlings in each pot. 

Plants were watered regularly when required and allowed to grow for 6 weeks. After 6 weeks 

the soil was taken out of pots and washed with water to keep the roots intact. Following 

parameters of plants were taken; percentage of germination, shoot length (cm), root length 
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(cm), leaf length (cm), number of leaves, Shoot fresh weight (g), root fresh weight (g), shoot 

dry weight (g) and root dry weight (g).  

STATISTICAL ANALYSIS OF DATA 

The pesticide degradation kinetics were studied using the first-order reaction kinetic model. 

Ct= C0 x e 
_kt

. Where C0 represents the initial concentration of pesticide at time zero, Ct is the 

concentration of pesticide at time t, t is the degradation period in days and k is the rate 

constant (d
−1

). The half-life (T1/2) of pesticide was determined using the algorithm T1/2 = 

ln2/k. Correlation coefficient (R
2
) and regression rquation were calculated from linear 

equation between inverse log of the ratio of concentration at initial time and at time zero 

[ln(Ct/C0)] and time (t) (Cycon et al., 2009). The results of all experiments represented mean 

of three replicates with standard deviation. The one-way or two- way analysis of variance 

(ANOVA) and t-test were used to evaluate replicates of each treatment or between different 

treatments. The significance (p < 0.05) of differences was assessed by post hoc comparison of 

means using Duncan's multiple range test with the help of IBM SPSS statistics 20. 
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CHAPTER 3 

ISOLATION, SCREENING AND CHARACTERIZATION OF 

PESTICIDE DEGRADING BACTERIA 

Advancements in industrialization is adding heavily toxic and xenobiotic compounds   to the 

environment that are difficult to get rid of. However, microorganisms are capable of adapting 

catabolic versatility to degrade toxic compounds such as organic pollutants, metals and 

pesticides under different environmental conditions (Krishna and Philip, 2008). Continuous 

application of particular pesticides to soil leads to development of degradation ability in 

fraction of soil biota. These chemical compounds serve as ample carbon source and electron 

donors for certain soil microorganisms (Ortiz-Hernández et al., 2013). This natural ability of 

microbes can be exploited to clean-up pesticide contaminated environments. Different 

pesticide-degrading bacteria have been isolated and characterized such as atrazine degrading 

Pseudoaminobacter sp. (Topp et al., 2000), isoproturon degrading Sphingomonas sp. 

(Bending et al., 2003), endosulfan degrading Aspergillus niger (Bhalerao and Puranik, 2007) 

and linuron degrading Variovorax sp. (Sorensen et al., 2009). Recently, chlorpyrifos and 

cypermethrin pesticides are used widely for insect control. These compounds and their 

metabolites are toxic and persistent in environment which necessitates their removal from 

environment. Several reports emphasize the importance of studying the chlorpyrifos (Briceño 

et al., 2012; Lu et al., 2013; Jabeen et al., 2014) and cypermethrin (Chen et al., 2011a; Chen 

et al., 2012b; Ma et al., 2013) degrading bacterial strains.  

Studying any microbe out of its natural environment starts with isolation and characterization 

of bacteria from particular habitat. Isolation of bacteria from pesticide contaminated 

environments usually involves enrichment culturing where microbes from contaminated 

samples are enriched with specific pesticide in lab environment. In various studies, pesticide 

degrading bacterial strains have been isolated from contaminated sources, including pesticide 

contaminated soil (Anwar et al., 2009; Sasikala et al., 2012), water (Tien et al., 2013), 

sediment (Lee et al., 2004), as well as industrial waste waters (Wang et al., 2012; Lu et al., 

2013). This chapter deals with enrichment, isolation, screening and characterization of 

chlorpyrifos and cypermethrin degrading bacteria from different agricultural soils with 

history of extensive pesticide (organophosphate and pyrethroid) application. Screening for 

potential isolates was carried out based on growth on gradient plate, minimum inhibitory 

concentration (MIC) and percentage degradation of pesticides. Selected bacterial isolates 
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were characterized on the basis of morphological and biochemical characteristics and their 

growth pattern in presence of and absence of pesticides was determined. Furthermore, the 

pesticide degrading strains wre also checked for multiple metal and antibiotic resistances. 

Finally bacterial isolates were identified based on 16S rDNA gene sequence analysis. 

Isolation of Pesticide Degrading Bacteria 

Soil samples collected from agricultural fields with a history of organophosphate and 

pyrethroid insecticide application (Table 2.67) were used for enrichment culturing. Isolation 

of bacteria was carried out by plating serial dilution of 4
th

 round enrichment culture on 

mineral salt medium amended with 50 mg L
-1

 of chlorpyrifos or cypermethrin. 

Morphologically different isolates were selected and grown on mineral medium 

supplemented with 100 mg L
-1

 of CP or CM. Isolates were further grown on 100 mg L
-1

 of 

CP or CM supplemented LB-agar for plenty of growth. Initially thirty six strains were 

isolated and screened for pesticide resistance. Highest numbers of chlorpyrifos resistant 

isolates (10 isolates) were obtained from Lahore rice field (LRF) whereas 3, 2, 2 and 1 

isolates were obtained from JCF, MCF, FSF and RCF, respectively (Table 3.1). 

Cypermethrin resistant isolates were isolated in higher numbers (7 isolates) from Jhang 

cotton field (JCF) whereas 3, 3, 2 and 3 isolates were obtained from LRF, MCF, FSF and 

RCF, respectively (Table 3.1). LB-broth grown 24 hrs fresh cultures of these isolates were 

used to make 50% glycerol stocks which were stored at -80°C and thawed and re-streaked 

when required. 

TABLE 3.1: Pesticide resistant bacterial isolates obtained after enrichment culturing from 

different soil samples.  

S. No. 
Soil Collection 

sites 

Bacterial Isolates 

Chlorpyrifos resistant Cypermethrin resistant 

1 LRF 

LCp1, LCp2, LCp4, LCp5, 

LCp6, LCp8, LCp9, LCp10, 

LCp11, LCp12 

LCm1, LCm3, LCm7 

2 JCF JCp3, JCp4, JCp15 
JCm1, JCm2, JCm3, JCm4, 

JCm5, JCm7, JCm8 

3 MCF MCp3, MCp4 MCm1, MCm4,  MCm12 

4 FSF FCp1, FCp6 FCm2, FCm9 

5 RCF RCp2 RCm2, RCm6, RCm11 
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Morphological Characteristics of Bacterial Isolates 

Morphological characteristics of colonies and individual cells were observed. Bacterial 

cultures were grown to single colonies on LB-agar for 24 hrs at 35ºC. Bacterial colonies were 

observed for shape, color, size, elevation, texture and transparency. CP-degrading bacterial 

isolates appeared to have circular form except LCp5, LCp8, LCp9, LCp10, and LCp11 which 

were irregular in shape. Colonies of CP-degrading bacteria exhibited various colors; LCp1 

was of light beige color, LCp2, LCp5, JCp4, MCp3 and FCp6 were pale yellow, LCp8 was 

pale green, LCp9 was green, RCp2 was red, LCp6 and JCp15 were creamy white while 

others were white (LCp4, FCp1) or yellow (LCp10, LCp12, JCp3) (Table 3.2). Colonies 

ranged in size from 1-4 mm. Margin of the most of the colonies was entire while LCp8, LCp9 

and LCp10 had undulate and LCp11 had lobate margins. Consistency of most of the colonies 

was mucoid while few such as LCp4, LCp11 and JCp15 were moist and LCp10 and JCp3 had 

dry and butyrous texture, respectively. Opacity of CP-degrading colonies was translucent 

(LCp5, LCp8, LCp9, JCp4, JCp15) or opaque (all others). The elevation of these colonies 

was convex (LCp1, LCp2, LCp4, LCp6, LCp12, JCp3, JCp4, JCp15, MCp4 and FCp1), flat 

(LCp10 andLCp11), raised (LCp5, LCp8, LCp9, MCp3 and FCp6) or umbonate (RCp2). 

Gram staining results exhibited that cells of LCp6 and MCp4 were gram negative cocci, 

LCp11 gram positive rods, while rest of the isolates were negative rods. Spore staining was 

positive for gram positive rods (LCp11), while only capsule positive isolates were gram 

negative rods LCp1 and JCp15. Colonies of CM-degrading bacterial strains also had irregular 

(LCm3, JCm2, JCm3, JCm8, FCm2, RCm6 and RCm11) or circular (all others) shape and 

were 1-4 mm in size. These colonies appeared to have white (LCm3, LCm7, JCm1, JCm2, 

JCm7, FCm2, MCm5, FCm9 and RCm11), yellow (LCm1, JCm3, JCm5, RCm2, and RCm6) 

pale yellow (JCm4 and MCm1), green (JCm8) and creamy white (MCm4) color. Elevation of 

these colonies was raised (JCm4 and JCm8), flat (LCm3, JCm2, JCm3, FCm2, RCm6 and 

RCm11) or convex (all others). Margins of these colonies were lobate (RCm11), Undulate 

(JCm2, JCm3, JCm8, FCm2, and RCm6) or entire (all others). Except JCm8 and MCm1 

(translucent) all colonies were opaque. Texture of most of the colonies was mucoid while 

others were dry (JCm3, RCm6 and RCm11) or moist (LCm3, JC2, and FCm2). Gram staining 

results showed that most of the isolates were gram negative rods, whereas some isolates were 

gram positive rods (LCm3, JCm2, FCm2, FCm9 and RCm11), gram negative cocci (JCm5 

and MCm4) or gram positive cocci (LCm1). Spore staining was positive for gram positive 

rods LCm3, JCm2, FCm2, FCm9 and RCm11, whereas none of isolates was positive for 

capsule staining (Table 3.2).  
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TABLE 3.2: Colony morphology and cell characteristics of CP and CM degrading bacterial 

isolates. 
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LCp1 Circ LB 3 Convex Entire Muc Opaq Rods ‒ve ‒ + 

LCp2 Circ PY 3 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

LCp4 Circ White 3 Convex Entire Moist Opaq Rods ‒ve ‒ ‒ 

LCp5 Irreg GY 2 Raised Entire Muc Transl Rods ‒ve ‒ ‒ 

LCp6 Circ CW 3 Convex Entire Muc Opaq Cocci ‒ve ‒ ‒ 

LCp8 Irreg PG 4 Raised Und Muc Transl Rods ‒ve ‒ ‒ 

LCp9 Irreg Green 2 Raised Und Muc Transl Rods ‒ve ‒ ‒ 

LCp10 Irreg Yellow 3 Flat Und Dry Opaq Rods ‒ve ‒ ‒ 

LCp11 Irreg White 4 Flat Lobate Moist Opaq Rods +ve + ‒ 

LCp12 Circ Yellow 3 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

JCp3 Circ Yellow 2 Convex Entire But Opaq Rods ‒ve ‒ ‒ 

JCp4 Circ PY 2 Convex Entire Muc Transl Rods ‒ve ‒ ‒ 

JCp15 Circ CW 2 Convex Entire Moist Transl Rods ‒ve + + 

MCp3 Circ PY 1 Raised Entire Muc Opaq Rods ‒ve ‒ ‒ 

MCp4 Circ CW 3 Convex Entire Muc Opaq Cocci ‒ve ‒ ‒ 

FCp1 Circ White 2 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

FCp6 Circ PY 1 Raised Entire Muc Opaq Rods ‒ve ‒ ‒ 

RCp2 Circ Red 2 Umbo Entire Muc Opaq Rods ‒ve ‒ ‒ 

LCm1 Circ Yellow 2 Convex Entire Muc Opaq Cocci +ve ‒ ‒ 

LCm3 Irreg White 4 Flat Entire Moist Opaq Rods +ve + ‒ 

LCm7 Circ White 2 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

JCm1 Circ White 2 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

JCm2 Irreg White 3 Flat Und Moist Opaq Rods +ve + ‒ 

JCm3 Irreg Yellow 3 Flat Und Dry Opaq Rods ‒ve ‒ ‒ 

JCm4 Circ PY 1 Raised Entire Muc Opaq Rods ‒ve ‒ ‒ 

JCm5 Circ Yellow 2 Convex Entire Muc Opaq Cocci ‒ve ‒ ‒ 

JCm7 Circ White 2 Convex Entire Muc Opaq Rods ‒ve ‒ ‒ 

JCm8 Irreg Green 2 Raised Und Muc Transl Rods ‒ve ‒ ‒ 

MCm1 Circ PY 2 Convex Entire Muc Transl Rods ‒ve ‒ ‒ 

MCm4 Circ CW 3 Convex Entire Muc Opaq Cocci ‒ve ‒ ‒ 

MCm5 Circ White 3 Convex Entire Moist Opaq Rods ‒ve ‒ ‒ 

FCm2 Irreg White 3 Flat Und Moist Opaq Rods +ve + ‒ 

FCm9 Circ White 1 Convex Entire Muc Opaq Rods +ve + ‒ 

RCm2 Circ Yellow 2 Convex Entire But Opaq Rods ‒ve ‒ ‒ 

RCm6 Irreg Yellow 3 Flat Und Dry Opaq Rods ‒ve ‒ ‒ 

RCm11 Irreg White 3 Flat Lobate Dry Opaq Rods +ve + ‒ 

 

Symbols: Circ=Circular; Irreg=Irregular; LB= light beige; PY=Pale yellow; CW=Creamy white; CL=Colorless; 

PG=Pale green; Umbo=Umbonate; Und=Undulate; Muc=Mucoid; Opaq=Opaque; Trans=Translucent; 

But=Butyrous 
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Screening of Isolates for Pesticide Resistance and Degradation 

Initially selected bacterial isolates were evaluated using different methods to screen out 

efficient CP or CM-degrading strains. The screening procedure comprised of evaluating 

bacterial growth on CP or CM supplemented gradient plate, estimating the minimum 

inhibitory concentration (MIC) of CP or CM and determining the pesticide degradation 

potential of these isolates in mineral medium. Degradation potential of isolates was 

determined using chromatographic techniques such as thin layer chromatography (TLC) and 

high performance liquid chromatography (HPLC).  

Screening of pesticide resistant isolates based on gradient plate 

Minimal salt agar plates containing concentration gradient of pesticides (CP or CM) were 

used to screen out pesticide degrading bacteria. CP or CM concentration gradient was 

prepared by setting a bottom layer of 15 mL of minimal salt medium in Petri plates slanted at 

30º angle. Another, 15 mL of agar containing CP or CM at concentration of 500 mg L
-1

 was 

poured on set base to make pesticide gradient across the plate surface. Bacterial isolates were 

streaked along the pesticide gradient and incubated at 30ºC for 7 days. The bacterial growth 

length along the gradient was recorded after incubation. Isolates with highest growth (longest 

growth along on streak line) were selected as highly resistant strains.  

Interpretation of growth of isolates on gradient plate (Figure 3.1 and Table 3.3) showed that 

among CP-resistant bacterial isolates LCp4, LCp8, LCp9, JCp4 and FCp1 were able to show 

excellent growth (Growth length 9.0 cm) . The isolates LCp2, LCp5, LCp6, LCp10, LCp12, 

MCp3 and MCp4 showed good growth on gradient plate (growth length 7.5 cm), while 

isolates LCp1, LCp11, JCp3, JCp15, FCp6 and RCp2 grown to minimum length (Growth 

length 4 cm). Based on these results total 12 isolates (LCp2, LCp4, LCp5, LCp6, LCp8, 

LCp9, LCp10, LCp12, JCp4, MCp3, MCp4 and FCp1) were selected as potential CP resistat 

bacteria (Highlighted in Table 3.3). 

On cypermethrin supplemented gradient plate the isoaltes JCm1, JCm2, JCm5, MCm5, 

FCm2, FCm9 and RCm6 manifested maximum growth (Growth length 9.0 cm). The isolates 

LCm3, JCm7 and MCm4 gave good growth (growth length upto 8 cm) whereas the isolates 

LCm1, LCm7, JCm3, JCm4, JCm8, MCm1, RCm2 and RCm11 did not give enough growth 

(Growth length less than 5.0 cm) (Table 3.3).  Based on the growth length total 10 isolates 

(LCm3, JCm1, JCm2, JCm5, JCm7, MCm4, MCm5, FCm2, FCm9 and RCm6) were selected 

as potential CM-resistant bacterial strains (Highlighted in Table 3.3). 

        

B 

B 
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FIGURE 1: Growth length of (A) CP-degrading isolates; I-LCp1, II-LCp4, III-MCp3 and 

(B) CM-degrading isolates; I-LCm7, II-JCm5 and III-JCm7 on pesticide 

supplemented gradient plate.  

TABLE 3.3: Screening of chlorpyrifos or cypermethrin degrading isolates based on growth 

on gradient plate.  

Chlorpyrifos 

resistant isolates 

Length of growth 

on gradient plate 

(cm) 

Cypermethrin 

resistant Strains 

Length of growth 

on gradient plate 

LCp1 4.0 LCm1 4.0 

LCp2 7.5 LCm3 7.5 

LCp4 9.0  LCm7 4.2 

LCp5 7.5 JCm1 8.5 

LCp6 7.5 JCm2 8.5 

LCp8 8.5 JCm3 4.5 

LCp9 8.5 JCm4 4.0 

LCp10 8.0 JCm5 9.0 

LCp11 4.2 JCm7 7.6 

LCp12 7.5 JCm8 4.2 

JCp3 4.3 MCm1 4.0 

JCp4 9.0 MCm4 7.5 

JCp15 4.2 MCm5 8.8 

MCp3 8.2 FCm2 8.5 

MCp4 8.0 FCm9 9.0 

FCp1 8.5 RCm2 7.5 

FCp6 3.5 RCm6 8.8 

RCp2 4.2 RCm11 4.1 
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Minimum inhibitory concentration (MIC) of pesticides 

Minimum inhibitory concentration of pesticides for bacterial isolates was determined by 

growing isolates in M9 medium supplemented with gradually increasing concentration (25-

500 mg L
-1

) of pesticides (CP or CM). Bacterial growth was determined as OD600nm. Most of 

the bacterial isolates were able to grow in medium upto 500 mgL
-1

, however, maximum 

growth was observed at different concentrations after which growth yield started to decrease. 

While few of the isolates ceased to grow after certain concentration.  

Among CP-resistant isolates minimum inhibitory concentration for different isolates was 

observed to be 350 mgL
-1

, 450 mgL
-1

 or 500 mgL
-1

. Isolates LCp1, LCp11, JCp3 and FCp6 

could not grow on concentrations higher than 300 mgL
-1

. Minimum inhibitory concentration 

of CP was 450 mg L
-1 

for JCp15 and RCp2 and 500 mgL
-1

 for LCp6 whereas the isolates 

LCp2, LCp4, LCp5, LCp8, LCp9, LCp10, LCp12, JCp4, MCp3, MCp4 and FCp1 were able 

to grow at 500 mgL
-1 

CP (Table 3.4). The concentration of CP at which bacterial isolates 

showed highest growth was different from growth inhibiting concentration. Generally, 

isolates exhibited maximum growth upto 300 mgL
-1

 of CP. For different isolates the 

concentration for maximum growth was observed to be 100 mgL
-1 

(LCp1, LCp6, LCp11, 

JCp3, JCp15, FCp6 and RCp2), 150 mgL
-1

 (LCp2 and LCp12), 200 mgL
-1

 (LCp5, LCp10, 

MCp3 and MCp4), 250 mgL
-1

 (LCp4, LCp8, LCp9, and JCp4) and 300 mgL
-1

 (FCp1) (Table 

3.4). 

In case of CM-resistant isolates most of the isolates (LCm3, JCm1, JCm2, JCm5, JCm7, 

MCm4, MCm5, FCm2, FCm9, RCm2, RCm6) were able to tolerate CM concentration upto 

500 mgL
-1

, however, MIC of some isolates was lower than 500 mgL
-1

. MIC of JCm3, JCm8 

and MCm1 was 450 mgL
-1

, MIC of JCm4 was 400 mgL
-1

 and MIC of LCm1, LCm7 and 

RCm11 was 350 mgL
-1 

(Table 3.5). The concentration of CM at which bacterial isolates 

exhibited maximum growth was different form growth inhibiting concentration. Generally, 

isolates exhibited maximum growth upto 350 mgL
-1

 of CM. Isolates JCm1, JCm2, JCm5 and 

FCm9 gave maximum growth at 350 mgL
-1

; JCm7, MCm5, FCm2, RCm6 at 250 mgL
-1

; 

LCm3, MCm4, and RCm2 at 200 mgL
-1

; JCm3, JCm4, JCm8 and MCm1 at 150 mgL
-1 

and 

LCm1, LCm7 and RCm11 showed maximum growth at 75 mgL
-1

 (Table 3.5).  
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TABLE 3.4 Growth evaluations of CP-degrading isolates as OD600nm and determination of 

minimum inhibitory concentration of CP for these isolates. 

Strains 
MINIMUM INHIBITORY CONCENTRATION OF CHLORPYRIFOS (mg L

-1
) 

25 50 75 100 150 200 

LCp1 0.322±0.007 0.464±0.011 0.585±0.007 0.624±0.008 0.547±0.012 0.338±0.009 

LCp2 0.416±0.011 0.572±0.007 0.708±0.008 0.826±0.012 1.094±0.009 0.973±0.001 

LCp4 0.494±0.008 0.718±0.007 0.940±0.010 1.166±0.008 1.274±0.009 1.315±0.008 

LCp5 0.437±0.010 0.657±0.011 0.827±0.007 1.018±0.011 1.139±0.007 1.232±0.006 

LCp6 0.446±0.007 0.674±0.011 0.848±0.006 1.040±0.008 1.026±0.009 0.913±0.006 

LCp8 0.405±0.009 0.633±0.010 0.818±0.014 0.986±0.007 1.215±0.006 1.292±0.013 

LCp9 0.386±0.013 0.562±0.012 0.765±0.007 0.925±0.011 1.178±0.009 1.257±0.011 

LCp10 0.434±0.009 0.485±0.007 0.628±0.014 0.865±0.012 1.034±0.013 1.268±0.016 

LCp11 0.316±0.020 0.387±0.010 0.523±0.010 0.664±0.013 0.626±0.011 0.487±0.011 

LCp12 0.362±0.008 0.496±0.009 0.576±0.012 0.681±0.008 0.923±0.020 0.847±0.015 

JCp3 0.276±0.011 0.362±0.009 0.424±0.010 0.508±0.010 0.456±0.008 0.413±0.011 

JCp4 0.514±0.008 0.728±0.012 1.127±0.011 1.366±0.008 1.395±0.007 1.427±0.013 

JCp15 0.355±0.007 0.449±0.003 0.535±0.011 0.674±0.007 0.659±0.011 0.585±0.015 

MCp3 0.425±0.012 0.597±0.009 0.752±0.007 0.985±0.009 1.265±0.013 1.334±0.009 

MCp4 0.446±0.008 0.624±0.007 0.765±0.007 0.994±0.011 1.278±0.006 1.316±0.010 

FCp1 0.505±0.009 0.724±0.011 1.002±0.020 1.237±0.011 1.324±0.012 1.396±0.011 

FCp6 0.316±0.006 0.406±0.009 0.484±0.012 0.509±0.020 0.393±0.010 0.371±0.008 

RCp2 0.342±0.007 0.437±0.003 0.512±0.011 0.653±0.007 0.605±0.011 0.537±0.015 

Strains 250 300 350 400 450 500 

LCp1 0.166±0.007 0.047±0.012 - - - - 

LCp2 0.842±0.016 0.734±0.009 0.612±0.012 0.445±0.013 0. 284±0.006 0.094±0.009 

LCp4 1.375±0.012 1.262±0.009 1.023±0.011 0.867±0.016 0.532±0.008 0.424±0.007 

LCp5 1.228±0.008 1.033±0.007 0.812±0.009 0.656±0.011 0.478±0.007 0.211±0.006 

LCp6 0.749±0.013 0.676±0.009 0.423±0.010 0.205±0.008 0.084±0.014 - 

LCp8 1.356±0.013 1.223±0.006 0.984±0.008 0.827±0.020 0.484±0.008 0.364±0.011 

LCp9 1.302±0.011 1.187±0.012 0.941±0.014 0.763±0.007 0.428±0.010 0.307±0.013 

LCp10 0.865±0.012 0.734±0.013 0.518±0.006 0.347±0.014 0.103±0.06 0.062±0.005 

LCp11 0.234±0.009 0.626±0.011 - - - - 

LCp12 0.752±0.014 0.681±0.020 0.573±0.013 0.401±0.007 0.237±0.009 0.174±0.007 

JCp3 0.237±0.011 0.106±0.008 - - - - 

JCp4 1.453±0.010 1.372±0.007 1.303±0.016 1.016±0.013 0.862±0.007 0.647±0.006 

JCp15 0.480±0.016 0.359±0.011 0.175±0.010 0.097±0.006 - - 

MCp3 1.255±0.013 1.145±0.013 0.912±0.012 0.706±0.009 0.389±0.012 0.254±0.011 

MCp4 1.272±0.014 1.178±0.006 0.935±0.009 0.716±0.007 0.374±0.007 0.247±0.009 

FCp1 1.374±0.011 1.392±0.012 1.317±0.006 1.165±0.013 0.842±0.008 0.668±0.007 

FCp6 0.274±0.011 0.083±0.016 - - - - 

RCp2 0.452±0.016 0.305±0.011 0.142±0.007 0.089±0.008 - - 
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TABLE 3.5 Growth evaluations of CM-degrading isolates as OD600nm and determination of 

minimum inhibitory concentration of CM for these isolates. 

Strains 
MINIMUM INHIBITORY CONCENTRATION OF CYPERMETHRIN (mg L

-1
) 

25 50 75 100 150 200 

LCm1 0.365±0.012 0.453±0.009 0.532±0.017 0.468±0.004 0.386±0.008 0.253±0.009 

LCm3 0.462±0.011 0.630±0.008 0.776±0.011 0.952±0.015 1.146±0.010 1.275±0.012 

LCm7 0.298±0.012 0.451±0.014 0.587±0.013 0.526±0.008 0.475±0.012 0.370±0.017 

JCm1 0.528±0.017 0.686±0.007 0.874±0.009 1.030±0.007 1.241±0.006 1.326±0.012 

JCm2 0.509±0.007 0.631±0.013 0.815±0.010 0.998±0.014 1.185±0.008 1.271±0.016 

JCm3 0.326±0.011 0.432±0.016 0.539±0.014 0.591±0.011 0.635±0.011 0.466±0.008 

JCm4 0.286±0.009 0.373±0.013 0.455±0.011 0.512±0.007 0.574±0.0.016 0.458±0.014 

JCm5 0.575±0.008 0.736±0.009 0.963±0.011 1.197±0.010 1.278±0.014 1.346±0.012 

JCm7 0.482±0.008 0.682±0.011 0.812±0.015 0.973±0.011 1.193±0.010 1.255±0.012 

JCm8 0.426±0.009 0.504±0.012 0.576±0.007 0.640±0.008 0.722±0.009 0.658±0.006 

MCm1 0.386±0.011 0.452±0.014 0.529±0.016 0.591±0.011 0.678±0.011 0.566±0.008 

MCm4 0.410±0.009 0.644±0.016 0.826±0.011 1.074±0.006 1.135±0.007 1.238±0.013 

MCm5 0.524±0.008 0.736±0.011 1.136±0.008 1.286±0.012 1.343±0.006 1.392±0.013 

FCm2 0.482±0.007 0.611±0.014 0.75±0.010 1.014±0.017 1.230±0.005 1.291±0.011 

FCm9 0.545±0.012 0.718±0.009 0.924±0.011 1.163±0.008 1.262±0.009 1.338±0.014 

RCm2 0.404±0.009 0.485±0.008 0.608±0.013 0.765±0.012 0.929±0.013 0.968±0.017 

RCm6 0.530±0.006 0.742±0.005 0.948±0.008 1.131±0.007 1.265±0.013 1.310±0.011 

RCm11 0.308±0.007 0.459±0.013 0.524±0.009 0.511±0.011 0.446±0.006 0.325±0.009 

Strains 250 300 350 400 450 500 

LCm1 0.147±0.012 0.064±0.008 - - - - 

LCm3 1.384±0.008 1.116±0.010 0.925±0.011 0.783±0.014 0.547±0.006 0.415±0.007 

LCm7 0.275±0.009 0.485±0.012 - - - - 

JCm1 1.383±0.011 1.411±0.016 1.465±0.014 1.314±0.011 1.178±0.012 0.895±0.006 

JCm2 1.334±0.014 1.378±0.012 1.411±0.014 1.282±0.009 1.134±0.006 0.828±0.009 

JCm3 0.388±0.016 0.315±0.011 0.152±0.010 0.076±0.014 - - 

JCm4 0.260±0.011 0.173±0.016 0.086±0.020 - - - 

JCm5 1.405±0.013 1.448±0.014 1.486±0.006 1.356±0.010 0.957±0.012 0.862±0.014 

JCm7 1.304±0.008 1.263±0.010 1.123±0.009 1.035±0.008 0.818±0.014 0.587±0.011 

JCm8 0.549±0.013 0.476±0.009 0.307±0.011 0.128±0.006 - - 

MCm1 0.478±0.016 0.332±0.011 0.214±0.007 0.095±0.007 - - 

MCm4 1.032±0.013 0.835±0.007 0.684±0.010 0.537±0.012 0.412±0.014 0.287±0.010 

MCm5 1.435±0.010 1.363±0.008 1.274±0.016 1.158±0.010 0.887±0.009 0.734±0.007 

FCm2 1.328±0.017 1.270±0.005 1.154±0.020 0.986±0.014 0.821±0.012 0.676±0.011 

FCm9 1.407±0.015 1.453±0.009 1.493±0.011 1.374±0.013 0.972±0.007 0.884±0.012 

RCm2 0.873±0.012 0.712±0.013 0.594±0.009 0.476±0.010 0.312±0.014 0.167±0.008 

RCm6 1.365±0.010 1.285±0.013 1.167±0.006 0.982±0.015 0.856±0.007 0.648±0.009 

RCm11 0.216±0.007 0.446±0.006 - - - - 
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Screening of pesticide resistant isolates based on pesticide degradation capacity 

Ability of bacteria to degrade pesticide was determined by chromatographic techniques i.e., 

thin layer chromatography (TLC) and high performance liquid chromatography (HPLC). 

Bacterial cultures grown for 10 days on CP or CM as carbon source were extracted with ethyl 

acetate and were analyzed for pesticide degradation. The TLC analysis for CP degradation by 

isolates showed reduction in intensity of CP spots of culture extracts compared to control 

extract and appearance of a new spots at the bottom line (Figure 3.2A). Development of these 

plates for TCP showed that spots at the bottom moved and manifested Rf value of 0.77 which 

is similar to Rf value of TCP (Figure 3.2B, Table 3.6). Appearance of additional spot and 

weakening of CP bands compared to control represented degradation of CP by isolates. 

Further confirmation by HPLC showed decrease in peak areas of CP and presence of peaks at 

2.82 mins retention time that were similar to RT of standard TCP peaks (Figure 3.3). The 

TLC analysis for CM degradation by isolates revealed presence of 2-4 different metabolites 

with Rf values similar to Rf values of standard 3-PBA, catechol and phenol (Figure 3.2C, 

Table 3.6). HPLC analysis of CM-degradation showed decrease in CM corresponding peak 

areas and presence of additional peaks which corresponded to CM metabolites 3-PBA, 

phenol and catechol (Figure 3.4, Table 3.6). 

Maximum chlorpyrifos degradation was observed with JCp4 that degraded 84.4% of the 

applied pesticide. FCp1, LCp4, LCp8, LCp9 and MCp3 were most effective degraders which 

showed 76.8% 74.6%, 69.8%, 67.5% and 65.2% degradation of applied CP, respectively. 

LCp2, LCp5, MCp4 and LCp10 degraded between 53-62.3% chlorpyrifos whereas 

degradation capacity of other strains was below 50% (Table 3.7). Among cypermethrin 

resistant strains JCm5 and FCm9 utilized applied dose of cypermethrin completely. The 

isolates RCm6, JCm1, MCm5, JCm2 and FCm2 were also potential degraders and utilized 

92.5%, 90.5%, 90%, 86.6% and 85% of cypermethrin, respectively. LCm3, JCm7, MCm4 

and RCm2 were able to degrade 70%, 78%, 65% and 55% of applied CM, respectively 

(Table 3.7). Based on above results the isolates with highest growth on pesticide 

supplemented gradient plates, highest MIC and highest potential to degrade pesticide were 

selected for characterization and further studies. Among CP-resistant isolates LCp2, LCp4, 

LCp5, LCp8, LCp9, LCp10, JCp4, MCp3, MCp4 and FCp1 were most potential strains 

whereas LCm3, JCm1, JCm2, JCm5, JCm7, MCm4, MCm5, FCm2, FCm9 and RCm6 were 

potential cypermethrin degraders.  
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Figure 3.2: Analysis of CP and CM degradation using thin layer chromatography (TLC). 

(A) CP detection using chloroform and hexane (4:1, v/v) solvent system. (B) 

TCP detection using ethylacetate, isopropanol and NH4OH (5:3:2, v/v) solvent 

system. (C) CM and metabolite detection using toluene, diethylether, acetic acid 

(75:25:1 v/v) solvent system. Symblos: S, Standard; Cont, Control; CP, 

Chlorpyrifos; TCP, Trichloropyridinol; CM, cypermethrin; 3-PBA, 3-

Phenoxybenzylalcohol; PBAl, Phenoxybenzyl alcohol; Ct, Catechol, 

PH, phenol.  
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Figure 3.3:  HPLC chromatograms CP-degradation by bacterial isolates. (a) CP (RT 6.07) 

and TCP (RT 2.82) standards, (b) CP-degradation by LCp2, (c) CP-degradation 

by MCp3 and (d) CP-degradation by JCp4. 

a 

b 

c 

d 
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Figure 3.4:  HPLC chromatograms CM-degradation by bacterial isolates. (a) CM (RT 6.01), 

3-PBA (RT 2.92), phenol (RT 3.77) and catechol (RT 3.24) standards, (b) CM-

degradation by JCm7, (c) CM-degradation by FCm9 and (d) CM-degradation by 

LCm3. 
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TABLE 3.6:  Rf values of TLC spots and retention times (RT) of HPLC peaks during CP 

and CM degradation.  

CP degradation CM degradation 

TLC Rf 

values 

HPLC RT 

(mins) 

Relevance TLC Rf 

values 

HPLC RT 

(mins) 

Relevance 

0.9 6.05 CP 0.83 5.96 CM 

0.77 2.7 TCP 0.59 2.92 3-PBA 

ND 2.12 Unknown 0.711 3.77 phenol 

ND 3.90 Unknown 0.47 3.24 Catechol 

ND 4.26 Unknown ND 2.51 Unknown 

ND 4.78 Unknown ND 4.9 Unknown 

 

TABLE 3.7 Percentage degradation of chlorpyrifos and cypermethrin by pesticide 

degrading isolates.  

CP-Resistant 

Isolates 

%age CP-

degradation  

CM-Resistant 

Isolates 

%age CM-

degradation  

LCp1 29.7 ± 0.64 LCm1 20.2 ± 0.9 

LCp2 53 ± 1.02 LCm3 60.0 ± 1.1 

LCp4 74.6 ± 0.7 LCm7 22.3 ± 0.9 

LCp5 61 ± 0.6 JCm1 90.5 ± 0.7 

LCp6 45.6 ± 0.7 JCm2 86.6 ± 0.5 

LCp8 69.8 ± 0.65 JCm3 34.2 ± 1.6 

LCp9 67.5 ± 1.5 JCm4 28.0 ± 1.4 

LCp10 56 ± 0.8 JCm5 100 ± 0.0 

LCp11 25.4 ± 0.5 JCm7 78 ± 0.8 

LCp12 52.3 ± 1.1 JCm8 46 ±2.1 

JCp3 25 ± 0.5 MCm1 40 ± 2.3 

JCp4 84.4 ± 0.8 MCm4 65 ± 1.7 

JCp15 35 ± 0.7 MCm5 90 ± 0.9 

MCp3 65.2 ± 0.65 FCm2 85 ± 1.2 

MCp4 62.3 ± 1.5 FCm9 100 ± 0.0 

FCp1 76.8 ± 0.7 RCm2 55 ± 2.5 

FCp6 20.6 ± 0.65 RCm6 92 ± 1.5 

RCp2 35.2 ± 1.4 RCm11 15 ± 0.7 

Values are the mean of three replicates ± S.E  
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Biochemical Characteristics of Selected Isolates 

Biochemical tests were performed to observe microbe’s ability to utilize or produce certain 

chemicals that are helpful in their characterization and subsequent identification. Biochemical 

profiles of selected CP and CM-degrading bacterial isolates are given in Table 3.8. All the 

isolates were oxidase positive except LCm3 and JCm5. Catalase activity was displayed by all 

isolates, acid and gas production from glucose was also exhibited by all the strains which 

indicated that these microbes were facultative anaerobes. The isolates LCp4, LCp8, LCp9, 

JCp4, MCp3, FCp1, JCm5, MCm5 and FCm9 possessed enzyme tryptophanase and showed 

positive results for indole production and H2S production was positive for only JCm5. The 

isolates LCp4, LCp10, MCp4, MCm4, MCm5 and MCm6 were non-motile while all other 

strains exhibited spreading growth radiating from stab line in SIM agar. Methyl red (MR) test 

was positive for isolates LCp4, LCp8, LCp9, MCp3, JCm1, JCm7, MCm5 and FCm9 which 

turned the color of media to red by producing stable acid from glucose whereas rest of strains 

either produced acetoin (LCp5 and LCm3) and gave positive Voges-Proskauer (VP) test or 

were unable to ferment glucose (LCp2, LCp10, JCp4, MCp4, FCp1, JCm2, JCm5, MCm4, 

FCm2 and RCm6). Most of the isolates were capable of citrate utilization except LCp10, 

MCp4, JCm5, and MCm4. Urease activity was shown by FCp1, JCm1, JCm2, JCm5, JCm7, 

FCm2 and FCm9. Gelatin liquefication was exhibited by LCp2, LCp9, MCp3, LCm3, JCm2 

and FCm2.  Clear halo was observed around the growth of the isolates LCp2, LCp4, LCp8, 

LCp9, LCp10, MCp3, MCp4, JCm5, MCm4, MCm5 and RCm6 on starch agar that indicated 

their ability to hydrolyse starch by producing α-amylase. Casein hydrolysis was demonstrated 

by LCp4, LCm3, JCm2, MCm5, FCm2 and FCm9. Nitrate reduction was demonstrated by 

the isolates LCp4, LCp8, LCp9, LCp10, JCp4, MCp3, MCp4, LCm3, JCm2, MCm4, MCm5, 

FCm2, FCm9 and RCm6 while other strains were negative for nitrate reduction.The isolates 

MCp4, LCp3, MCM4, FCm2 and FCm9 were OF negative and LCp4, LCP8, LCp9, and 

JCm5 were fermentative while rest  of the isolates were oxidative. All the isolates were able 

to utilize glucose. Varied results for acid production from sugars were observed by different 

isolates. The isolates LCp4, LCp5, LCp10, MCp4, FCp1, JCm1, JCm5, JCm7, MCm4, 

MCm5, FCm2 and FCm9 utilized and produced acid from all sugars while the isolates LCp2, 

LCp8 and LCp9 and MCp3 were not able to utilize any sugar. Isolate LCm3 utilized sucrose 

and maltose but could not ferment mannose and lactose. Maltose was not fermented by JCp4 

however it utilized other three sugars. Isolate FCm9 fermented only maltose and was unable 

to utilize sucrose, mannose and lactose. No acid production was observed with mannose by 

JCm2 but it produced acid from other three sugars. 
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TABLE 3.8: Biochemical characteristics of isolates selected for chlorpyrifos or 

cypermethrin degradation. 
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LCp2 + + ‒ ‒/‒ + + ‒ ‒ + ‒ ‒ ‒ O + ‒/‒/‒/‒ 

LCp4 + + ‒ +/‒ ‒ + ‒ + ‒ + + + F + +/+/+/+ 

LCp5 + + ‒ ‒/+ + + ‒ ‒ ‒ + ‒ ‒ O + +/+/+/+ 

LCp8 + + ‒ +/‒ + + ‒ + ‒ ‒ ‒ + F + ‒/‒/‒/‒ 

LCp9 + + ‒ +/‒ + + ‒ + + ‒ ‒ + F + ‒/‒/‒/‒ 

LCp10 + + ‒ ‒/‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ + O + +/+/+/+ 

JCp4 + + ‒ ‒/‒ + + ‒ + ‒ + ‒ + O + +/‒/+/+ 

MCp3 + + ‒ +/‒ + + ‒ + + ‒ ‒ + O + ‒/‒/‒/‒ 

MCp4 + + ‒ ‒/‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ + ‒ + +/+/+/+ 

FCp1 + + + ‒/‒ + + ‒ + ‒ + ‒ ‒ O + +/+/+/+ 

LCm3 ‒ + ‒ ‒/+ + + ‒ ‒ + + + + ‒ + +/+/‒/‒ 

JCm1 + + + +/‒ + + ‒ ‒ ‒ + ‒ ‒ O + +/+/+/+ 

JCm2 + + + ‒/‒ + + ‒ ‒ + + + + O + +/+/‒/+ 

JCm5 ‒ + + ‒/‒ + ‒ + + ‒ ‒ ‒ ‒ F + +/+/+/+ 

JCm7 + + + +/‒ + + ‒ ‒ ‒ + ‒ ‒ O + +/+/+/+ 

MCm4 + + ‒ ‒/‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ + ‒ + +/+/+/+ 

MCm5 + + ‒ +/‒ ‒ + ‒ + ‒ + + + O + +/+/+/+ 

FCm2 + + + ‒/‒ + + ‒ ‒ + + + + ‒ + +/+/+/+ 

FCm9 + + + +/‒ + ‒ ‒ + ‒ + + + ‒ + ‒/+/‒/‒ 

RCm6 + + ‒ ‒/‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ + O + +/+/+/+ 

 

 

a 
MR/VP methyl red and Voges-Proskeaur 

b 
S/M/M/L Sucrose/maltose/mannose/lactose  
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Bacterial growth curves 

The growth pattern of pesticide degrading bacterial strains was studied in nutrient broth and 

nutrient broth supplemented with 100 mgL
-1

 CP or CM, with reference to the time of 

incubation and optical densities of the bacterial cultures (Figure 4.1 and 4.2). In the absence 

of pesticide stress bacterial strains grew without a lag phase, however, in the presence of 

pesticide stress bacterial strains either showed slower growth rate at start or underwent an 

acclimation phase of 4-8 hrs. After the acclimation period accelerated growth was observed 

in log phase.  All strains showed active growth till 24-28 hours in nutrient broth however 

strains kept on growing till 32-40 hours in presence of pesticide. The rate of increase in cell 

number was highest during 8-20 hours especially in the absence of pesticides.  

Among CP-degrading strains a lag phase of 4 hrs was observed during growth of bacterial 

strains LCp4, LCp8, LCp9, JCp4, MCp3, and MCp4 while strains LCp2, LCp5 and FCp1 

showed a lag phase of 8 hours and acclimation period for LCp10 was of 12 hrs. Growth rate 

of Pseudomonas putida LCp2, Stentrophomonas maltophilia LCp5, Sphingomonas sp. 

LCp10 and Ochrobactrum sp. FCp1 was significantly slower in presence of CP and attained 

maximum growth in 40-48 hours. Other strains such as Acinetobacter calcoaceticus LCp4, 

Pseudomonas mendocina LCp8, Pseudomonas aeruginosa LCp9, Achromobacter 

xylosoxidans JCp4, Pseudomonas oryzihabitans MCp3 and Paracoccus sp. MCp4 showed a 

lag phase of 4 hours in presence of CP and after that growth was accelerated attaining higher 

cell densities as compared to cultures grown in only nutrient broth (Figure 3.5).  

Different growth patterns were observed among CM-degrading isolates. Bacillus cereus 

LCm3, Bacillus megaterium JCm2, Paracoccus sp. MCm4, Acinetobacter calcoaceticus 

MCm5, Bacillus megaterium FCm2 and Sphingomonas sp. RCm6 showed lag phase of 4 

hours in CM-supplemented broth, growth accelerated afterwards and maximum cell density 

was observed at 44-48 hours. Moreover, decline phase for these strains started after 28 or 32 

hours in nutrient broth cultures, however, cells continued to grow in CM-supplemented broth 

till 44-48 hours. No significant difference was observed in growth pattern of strains 

Ochrobactrum anthropi JCm1, Rhodococcus JCm5, Ochrobactrum haematophilum JCm7, 

and Brevibacillus parabrevis FCm9 in nutrient and CM-supplemented broth and after 16-20 

hours cell densities were higher in CM-supplemented broth as compared to nutrient broth 

(Figure 3.6).  
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Figure 3.5: Growth patterns of CP-resistant isolates over a period of 48 hours in nutrient 

broth and nutrient broth supplemented with 100 mgL
-1

 CP (●) growth in nutrient 

broth supplemented with chlorpyrifos, (▲) growth in nutrient broth. 
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Figure 3.5: (Cont.) Growth patterns of CP-resistant isolates over a period of 48 hours in 

nutrient broth and nutrient broth supplemented with 100 mgL
-1

 CP (●) growth in 

nutrient broth supplemented with chlorpyrifos, (▲) growth in nutrient broth. 
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Figure 3.6: Growth patterns of CM-resistant isolates over a period of 48 hours in nutrient 

broth and nutrient broth supplemented with 100 mgL
-1

 CM. (▲) growth in 

nutrient broth, (●) growth in nutrient broth supplemented with cypermethrin. 
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Figure 3.6: (Cont.) Growth patterns of CM-resistant isolates over a period of 48 hours in 

nutrient broth and nutrient broth supplemented with 100 mg L
-1

 CM (●) growth 

in nutrient broth supplemented with cypermethrin, (▲) growth in nutrient broth. 
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Heavy Metal Resistance Profile of Pesticide Degrading Bacteria 

Multiple heavy metal tolerance profile of pesticide degrading bacteria was determined against 

chromium (Cr), cobalt (Co), copper (Cu), cadmium (Cd), nickel (Ni), and zinc (Zn).  

Bacterial isolates showed variable resistance against different heavy metals. All of CP-

degrading bacterial strains were resistant to Co, Cu and Zn and few of the isolates showed 

sensitivity to Cr, Ni and Cd (Figure 3.7A). Against Cr CP-degrading isolates LCp8, MCp3 

and MCp4 could resist upto 300 µgmL
-1 

whereas LCp4 and FCp1 showed resistance upto 500 

µgmL
-1

. LCp2, MCp4 and JCp4 could not tolerate Cr while rest of the isolates tolerated Cr 

upto 200 µgmL
-1

. Co was tolerated upto 100 µgmL
-1 

(LCp4 and MCp3), 300 µgmL
-1

 (LCp2, 

LCp8, LCp9, JCp4, MCp4 and FCp1), or 400 µgmL
-1

 (LCp10 and LCp5). Cu stress was 

tolerated upto 500 µgmL
-1 

by isolates LCp5, JCp4 and FCp1. Isolates LCp8, LCp9 and 

MCp3, showed resistance upto 400 µgmL
-1 

whereas rest of isolates were able to resist Cu 

upto 200 µgmL
-1

. Ni was not tolerated by the isolates LCp2, LCp9, JCp4 and FCp1 while 

others could resist it upto 100 µgmL
-1 

(LCp4, LCp5, and MCp3,) and 200 µgmL
-1 

(LCp8, 

LCp10 and MCp4). Cd stress was not tolerated by MCp3 and MCp4; isolates LCp8, LCp9 

and JCp4 tolerated Cd upto 300 µgmL
-1

, whereas, rest of the isolates showed resistance upto 

200 µgmL
-1

. CP-degrading isolates resisted Zn upto 300 µgmL
-1 

(LCp2 and LCp5), 400 

µgmL
-1 

(LCp4, LCp8, LCp9, MCp3 and MCp4),) or 500 µgmL
-1 

(LCp10, JCp4, and FCp1).   

Among CM-degrading bacteria few isolates were sensitive to Ni and Cd while the isolates 

JCm7, MCm4, MCm5, FCm9 and RCm6 were resistant to all metals (Figure 3.7B). The 

isolate JCm5 resisted Cr upto 300 µgmL
-1

; JCm1 JCm7 and MCm5 resisted Cr upto 500 

µgmL
-1 

while rest of the isolates tolerated Cr upto 200 µgmL
-1

. CM-degrading isolates 

resisted Co upto 100 µgmL
-1

 (JCm1 and MCm5), 300 µgmL
-1

 (JCm2, JCm5, JCm7, MCm4 

and FCm2) and 400 µgmL
-1

 (LCm3, FCm9 and RCm6). The resistance against Cu was 

observed upto 200 µgmL
-1

 (LCm3, JCm5, FCm9 and RCm6), 400 µgmL
-1

 (JCm7, MCm4 

and MCm5) and 500 µgmL
-1

 (JCm1, JCm2 and FCm2). Sensitivity to Ni was exhibited by 

the isolates JCm3, JCm1 and JCm5, whereas rest of the isolates tolerated it upto 100 µgmL
-1

 

(JCm2, JCm7 and FCm2) and 200 µgmL
-1

 (MCm4, MCm5, FCm9 and RCm6) only. Among 

CM-degrading isolates JCm2 and FCm2 were sensitive against Cd while others were resistant 

to Cd upto 200 µgmL
-1

 (LCm3, MCm5, FCm9 and RCm6) and 300 µgmL
-1

 (JCm1, JCm5, 

JCm7 and MCm4). Zn was resisted by CM-degrading isolates upto 300 µgmL
-1

 (JCm5, 

MCm4, MCm5 and FCm9), 400 µgmL
-1

 (LCm3, JCm2 and FCm2) and 500 µgmL
-1

 (JCm1, 

JCm7 and RCm6). 
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Antibiotic Resistance Profile of Pesticide Degrading Bacteria 

Multiple antibiotic resistance profile of pesticide degrading bacteria was determined against 

ampicillin (Amp), tetracycline (Tet), kanamycin (Km), erythromycin (Ery), chloramphenicol 

(Cm) and novobiocin (Nv). Variable resistance was shown by CP and CM-degrading isolates 

against different antibiotics tested. All the CP and CM-degrading isolates were resistant to 

some concentration of ampicillin and kanamycin but few showed sensitivity to tetracycline, 

erythromycin, chloramphenicol and novobiocin (Figure 3.8 A and B). All of the isolates 

showed resistance against 100 µgmL
-1

 of ampicillin except LCp5, MCp3 and JCm5 which 

were susceptible to concentrations above 50 µgmL
-1

. Sensitivity against tetracycline was 

shown by FCp1, JCm7 and JCm1, whereas LCp4, JCp4, MCm5 and FCm9 were resistant to 

100 µgmL
-1

 and rest of the isolates showed resistance upto 50 µgmL
-1

. Kanamycin could not 

stop growth of any isolate and resistance was shown upto 50 µgmL
-1

 by LCp9, MCp3, FCp1 

and JCm5, some isolates such as LCp2, LCp5, LCp10, JCp4, JCm1, MCm4, and RCm6 were 

resistant to 100 µgmL
-1 

of kanamycin. Rest of the isolates were sensitive to kanamycin above 

75 µgmL
-1

. Four isolates LCP10, MCp4, MCm4 and RCm6 were sensitive to erythromycin, 

other such as LCP4, LCp8, LCp9, JCm5 and MCm5 were resistant upto 50 µgmL
-1

, while 

JCp4, FCp1 JCm1, JCm2, and JCm7 were susceptible above 75 µgmL
-1

, rest of isolates were 

resistant to 100 µgmL
-1 

of erythromycin. Most of the isolates were resistant to 50 µgmL
-1 

of 

chloramphenicol, while some showed resistance upto 75 µgmL
-1 

(LCp2, LCp8, JCm1 and 

FCm9) and 100 µgmL
-1

 (LCp9, MCp4, JCm7, MCm4 and MCm5). Few isolates such as 

FCm2, LCm3, JCm2 and LCp5 were sensitive to chloramphenicol. Isolates LCp10, MCp4, 

LCm3, LCm4, FCm2 and RCm6 were sensitive to novobiocin while other isolates were 

resistant to 50 µgmL
-1 

(JCp4, MCp3, JCm2, MCn5 and FCm9), 75 µgmL
-1

 (LCp2 and JCm5) 

and 100 µgmL
-1

 (LCp4, LCp5, LCp8, LCp9, FCp1, JCm1 and JCm7) of novobiocin.
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Molecular Characterization of CP and CM Degrading Isolates 

The 16S ribosomal RNA gene sequences are used to identify microorganisms and to 

determine relatedness of organisms as these are the most conserved DNA. RNA sequences 

contain signature sequences that are specific base sequences of 5-10 base pairs always found 

in all groups of organisms. The hypervariable regions in 16S rRNA gene are a source of 

species specific signature sequence which is helpful in process of bacterial identification. 

Comparing the differences in base sequences of 16S rRNA gene is an excellent tool to study 

evolutionary changes and study phylogenetic relatedness of bacteria (Miranda et al., 2008). 

16S rRNA gene is 1.5kb long and can be amplified and sequenced quickly and easily. 

Molecular identification techniques provide rapid turnaround time and improved accuracy 

over phenotypic identification. Molecular phylogeny helps in understanding of organismic 

relationships and provides the basis for the classification of bacteria according to their natural 

associations. For molecular identification of pesticide degrading isolates amplification of 

1.5kb segment of 16S rRNA gene was carried out using universal primers [27f and 1492f] 

and sequenced. Nearest homologies for 16S rRNA gene sequences of each isolate were 

searched using NCBI nucleotide BLAST search program. Multiple alignments and distance 

matrix analyses were conducted using the MEGA 5.0 software package (Tamura et al., 

2011). A phylogenetic tree was constructed with homologus regions from 16S rRNA 

sequences in GenBank using neighbor-joining analysis with 1000 replicates of bootstrap 

analysis. Finally the sequences were submitted to GenBank for accession numbers.  

CP and CM-degrading bacterial isolates were identified on the basis of percentage homology 

to existing 16S rRNA gene sequences and phylogenetic analysis. The number of base pairs 

sequenced for each strain and highest similarities found with different bacterial genera and 

species are summarized in Table 3.9. 16S rRNA gene sequences of bacterial isolates showed 

98-99% similarity to existing sequences. The sample sequence and the top 5-8 matches from 

the BLAST search were included in the phylogenetic tree of each isolate, which illustrated 

the relatedness of isolate and showed the average genetic distance within the closely related 

matches. Phylogenetic relationships of 16S rRNA gene sequences of CP-degrading isolates to 

other closely related species are shown in Figure 3.5 and 3.6. Isolates LCp2, LCp8, LCp9 and 

MCp3 belonged to genus Pseudomonas. LCp2 showed closest similarities (99%) to 

Pseudomonas putida (FJ932760 and DQ836052), P. monteilii (KF475842) and P. 

plecoglossicida (KC859034) in BLAST search. However, phylogenetically it was more 

related to P. putida. The nearest homologs (99%) of isolate LCp8 were Pseudomonas 
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Table 3.9: Percentage (%) homology of 16S rRNA gene sequence of pesticide degrading 

bacterial isolates to existing sequences and their identification. 

  

Strains 
Homology

(%) 
Homology with Identified as 

Accession 

Numbers 

LCp2 99% FJ932760, DQ836052 Pseudomonas putida KJ009238 

LCp4 99% KC833512, JN934383 Acinetobacter calcoaceticus KC119333 

LCp5 99% HQ185400, AM743169 Stenotrophomonas maltophilia KF263488 

LCp8 99% FJ828887, FJ426615 Pseudomonas mendocina KC119334 

LCp9 99% GQ659549 Pseudomonas aeruginosa KC119335 

LCp10 98% AY506539, KF44919 Sphingomonas sp. KJ009239 

JCp4 99% AB547225, FJ639331 Achromobacter xylosoxidans KJ009240 

MCp3 99% HQ728560 Pseudomonas oryzihabitans KJ009241 

MCp4 98% GQ250598, NR-117269 Paracoccus sp. HQ457020 

FCp1 99% KF479631, KF843719 Ochrobactrum sp. KJ009242 

LCm3 99% HQ457016 Bacillus cereus KJ009243 

JCm1 99% KC857470, DQ417342 Ochrobactrum anthropi KJ009244 

JCm2 99% JX987050 Bacillus megaterium KJ009245 

JCm5 99% AY247275 Rhodococcus sp. KJ009246 

JCm7 99% HQ171238, KF843719 Ochrobactrum hematophilum KJ009247 

MCm4 98% JQ045827, PKU58015 Paracoccus sp. KJ009248 

MCm5 99% KC833512, JN934383 Acinetobacter calcoaceticus KJ009251 

FCm2 99% KC414701 Bacillus megaterium KJ009249 

FCm9 99% AB680275, EF428242 Brevibacillus parabrevis KJ009250 

RCm6 98% KF44919, AY506539 Sphingomonas sp. KJ009252 
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mendocina (FJ82888 and FJ426615), P. alcaliphilia (KC699534) and P. oleovorans 

(GQ387664) while Phylogenetic analysis showed close relatedness of LCp8 to P. mendocina. 

Isolates LCp9 and MCp3 were closely related to Pseudomonas aeruginosa (JQ659549 and 

HQ537785) and Pseudomonas oryzihabitans (GQ250598 and NR-117269) respectively.  

Isolates LCp4 belonged to genus Acinetobacter and showed nearest homology (99%) to 

Acinetobacter calcoaceticus (KC833512 and JN934383), A. junii (AB777645) and A. 

oleivorans (JX020951) but phylogenetically it was more related to A. calcoaceticus than 

other species. Isolate LCp5 was affiliated with genus Stenotrophomonas and was more 

closely related to S. maltophilia (HQ185400 and AM743169) than other species; S. pavanii 

(NR_118008) and S. rhizophila (NR_121739). All of these isolates (LCp2, LCp4, LCp5, 

LCp8, LCp9 and MCp3) were grouped under class γ-Proteobacteria (Figure 3.9). Among 

other CP-degrading isolates LCp10 was affiliated with genus Sphingomonas and showed 

closest similarities (98%) to Sphingomonas sp. (KF44919), and S. agrestis (AY506539) and 

same was the case with phylogenetic association. Isolate MCp4 showed nearest homology 

(98%) and close relatedness to P. denitrificans (JQ045827), Paracoccus sp. (PKU58015) and 

P. pantotrophus (GU191922). The nearest homologs of isolate FCp1 were Ochrobactrum sp. 

(KF479631) and Ochrobactrum haematophilum (KF843719). Isolates FCp1 and MCp4 were 

not identified upto species level as these showed same phylogenetic association to more than 

one species. Isolates LCp10, MCp4 and FCp1 were grouped under class α- Proteobacteria 

(Figure 3.10). Lastly, isolate JCp4 was associated to genus Achromobacter and its nearest 

similarities (99%) were with Achromobacter xylosoxidans (AB547225 and FJ639331) and A. 

denitirificans (FJ810080). Phylogenetically it was more closely related to A. xylosoxidans 

and it was grouped under class β-Proteobacteria (Figure 3.10). Phylogenetic tree of CP-

resistant isolates (Figure 3.9 and 3.10) showed 10 clusters in three groups. All the isolates 

were of different species. The three groups on phylogenetic tree were γ-Proteobacteria, β-

Proteobacteria and α- Proteobacteria. Six strains, P. putida LCp2, P. mendocina LCp8, P. 

aeruginosa LCp9, P. oryzihabitans MCp3, A. calcoaceticus LCp4 and S. maltophilia LCp5 

were grouped under class γ-Proteobacteria. β-Proteobacteria comprised only of A. 

xylosoxidans JCp4 and α- Proteobacteria contained Sphingomonas sp. LCp10, Paracoccus sp. 

MCp4 and Ochrobactrum sp. FCp1. Bootstrap value obtained with 1000 repetitions were 

indicated as percentages at all branches. 
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Figure 3.9:  Phylogenetic tree based on 16S rRNA gene sequences of CP-degrading 

bacterial isolates and related strains. The tree was constructed with MEGA 5.0 

software package using Neighbor-joining analysis and 1000 replicates for 

bootstrap analysis. Bar 0.02 represents sequence divergence. 
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Figure 3.10: Phylogenetic tree based on 16S rRNA gene sequences of CP-degrading 

bacterial isolates and related strains. The tree was constructed with MEGA 5.0 

software package using Neighbor-joining analysis and 1000 replicates for 

bootstrap analysis. Bar 0.02 represents sequence divergence. 
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Phylogenetic relationships of 16S rRNA gene sequences of CM-degrading isolates to other 

closely related species are shown in Figure 3.11 and 3.12. Isolate JCm1 and JCm7 were 

affiliated to genus Ochrobactrum but species were different. The nearest homologs of JCm1 

were O. anthropi (KC857470) and O. tritici (NR_114148) while that of JCm7 were O. 

haematophilum (HQ171238) and O. rhizosphaerae (NR_042600). Phylogenetic analysis 

illustrated that JCm1 and JCm7 were more closely related to O. anthropi and O. 

haematophilum, respectively. Isolate MCm4 was related to genus Paracoccus and showed 

nearest homology (98%) to Paracoccus sp. (PKU58015), P. denitrificans (JQ045827) and P. 

pantotrophus (GU191922). Isolate RCm6 was affiliated with genus Sphingomonas and 

showed closest similarities (98%) and phylogenetic association to Sphingomonas sp. 

(KF44919) and S. agrestis (AY506539). Isolate JCm1, JCm7, MCm4 and RCm6 were 

grouped under class α- Proteobacteria (Figure 3.11). Isolates MCm5 belonged to genus 

Acinetobacter and showed nearest homology (99%) to Acinetobacter calcoaceticus 

(KC833512 and JN934383), A. junii (AB777645) and A. oleivorans (JX020951) and it was 

clustered under class γ-Proteobacteria (Figure 3.11). Isolates LCm3, JCm2 and FCm2 

belonged to genus Bacillus. Isolate LCm3 showed nearest homologies (99%) to Bacillus 

cereus (HQ457016 and JF714217) and B. thuringiensis (NR_102506) in BLAST searches 

while the phylogenetic tree illustrated its close affiliation with B. cereus. The 16S rDNA 

sequence of FCm2 and B. simplex (NR_115603). Phylogenetic analysis of sequences showed 

close affiliation of FCm2 and JCm2 with B. megaterium. Isolate FCm9 was more closely 

associated (99%) with Brevibacillus parabrevis (AB680275 and EF428242) than other 

species of Brevibacillus. All of these isolates (LCm3, JCm2, FCm2 and FCm9) were grouped 

under class Firmicutes (Figure 3.10). Isolate JCm5 showed 99% homology to Rhodococcus 

ruber (KC20080, AY247275) and Rhodococcus sp. (FJ529024). Isolate JCm5 was 

phylogenetically associated with Rhodococcus ruber (KC20080) and was grouped under 

Actinobacteria (Figure 3.10). Phylogenetic tree of CM-resistant isolates (Figure 3.11 & 12) 

indicated nine clusters that were divided in four different groups; α-Proteobacteria, γ-

Proteobacteria, Firmicutes and Actinobacteria. O. anthropi JCm1, O. haematophilum JCm7, 

Paracoccus sp. MCm4 and Sphingomonas sp. RCm6 were grouped in class α- Proteobacteria 

while A. calcoaceticus MCm5 was only member of γ-Proteobacteria. B. parabrevis FCm9, B. 

cereus LCm3, Bacillus megaterium FCm2 and B. megaterium JCm2 were included in group 

Firmicutes whereas Rhodococcus sp. JCm5 was present in fourth group Actinobacteria. 
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Figure 3.11: Phylogenetic tree based on 16S rRNA gene sequences of CM-degrading 

bacterial isolates and related strains. The tree was constructed with MEGA 5.0 

software package using Neighbor-joining analysis and 1000 replicates for 

bootstrap analysis. Bar 0.02 represents sequence divergence. 
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Figure 3.12: Phylogenetic tree based on 16S rRNA gene sequences of CM-degrading 

bacterial isolates and related strains. The tree was constructed with MEGA 5.0 

software package using Neighbor-joining analysis and 1000 replicates for 

bootstrap analysis. Bar 0.02 represents sequence divergence. 
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DISCUSSION 

Unregulated and indiscriminate use of pesticides exerts undesirable effects on human health, 

different life forms and to the ecosystems. The organophosphate insecticide chlorpyrifos and 

pyrethroid insecticide cypermethrin are in extensive use since decades for insect control 

worldwide and in Pakistan as well.  However, their toxicity towards mammals, aquatic 

animals and humans and their persistence in environment requires their complete removal 

from contaminated areas. The innate ability of bacteria to adapt to pesticide stress through 

degradation or transformation make them suitable candidate for biodegradation studies and 

for use in remediation of contaminated sites (Ortiz-Hernández et al., 2011). Present work is 

mainly related to isolation of indigenous CP and CM degrading bacteria from pesticide 

contaminated soil and their morphological, biochemical and molecular characterization. 

Initially, 36 bacterial strains were isolated from enrichment cultures with different soil 

samples on the basis of their growth on mineral salt medium supplemented with CP or CM. 

Enrichment process involved the cultivation of microbes in soil sample in mineral medium 

using a particular pesticide as the only carbon source. This process was repeated many times 

to let the microbes adapt to laboratory culture conditions and to allow the proliferation of 

pesticide degrading microbes. After adaptation period, CP or CM-degrading bacterial strains 

were isolated. Similarly, enrichment procedure has been adapted for isolation of various 

xenobiotic degrading microbes (Daane et al., 2001; Tsai et al., 2005; Tao et al., 2007; 

Hilyard et al., 2008; Peng et al., 2008; Wang et al., 2012).  

Isolation of pesticide-degrading microbes from polluted soil indicates the ability of 

microorganisms to acclimatize to the environmental conditions. The remarkable ability of 

mutation and adaptation in bacteria help them strive in diversity of media; they also have 

great potential to acquire degradation abilities when exposed to xenobiotics (Ortiz-Hernández 

et al., 2011). As pesticides are mostly applied in agricultural set-ups, soil is the ultimate 

medium that receives these pesticides. The function of microorganisms in degradation of 

pesticides in soil has long been recognized. It has been reported that when soils are repeatedly 

being applied with certain pesticides, portion of soil microbes can quickly develop the 

capacity to degrade these pesticides. This also has made possible the degradation of earlier 

non-degradable pesticides. Therefore, the soil is a major source to obtain pesticide-degrading 

microbes (Ortiz-Hernández et al., 2013). In earlier studies isolation of pesticide degrading 

bacterial strains have been reported from agricultural soils (Bending et al., 2003; Qiu et al., 

2006; Hong et al., 2007; Li et al., 2008; Anwar et al., 2009; Chen et al., 2011c; Pino and 
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Peñuela, 2011; Sasikala et al., 2012). CP and CM-degrading isolates showed variety in their 

morphological characteristics. Most of the colonies were circular in shape with entire margins 

while others were irregular in shape with undulate or lobate margins ranging in size from 1-4 

mm. Majority of colonies were white or yellow in color while few were green, pale green, 

pale yellow, creamy white or red in color and appeared opaque or translucent. Colonies had 

convex, raised or flat elevation with mucoid, moist or dry texture. Most of the isolates were 

gram negative rods and only two were capsule forming. One isolate from CP-degrading 

strains while five isolates from CM-degrading strains were gram positive rods and spore 

formers. Four isolates were gram negative cocci whereas one isolate was gram positive cocci. 

Similarly various studies have employed morphological characterization for initial 

identification of bacterial isolates (Rani et al., 2008; Anwar et al., 2009; Maya et al., 2011; 

Tang and You, 2012; Chakraborty et al., 2013; Lu et al., 2013).  

The CP and CM-degrading isolates were screened by pesticide gradient plate, MIC of 

pesticides and percentage degradation of pesticides. On pesticide supplemented gradient plate 

isolates showed efficient to poor growth indicating variability in their capacity to use 

pesticides as carbon source. Isolates exhibiting highest growth on gradient plates were 

marked as the potential pesticide degraders. Twelve out of eighteen CP-resistant isolates and 

ten out of eighteen CM-resistant isolates were selected on the basis of elongated streak lines 

of bacterial growth on gradient plates. In an earlier study, Silambarasan and Abraham (2012) 

used gradient plate technique for screening of CP-tolerant fungal strains and found that 

highly tolerant fungal strains yielded growth line upto 9 cm. Determination of MIC of 

pesticides for isolates revealed that most of CP-degrading isolates were able to tolerate 500 

mgL
-1

 concentration of CP while the growth of other isolates was inhibited at 350 mgL
-1

 

(LCp1, LCp11, JCp3, and FCp6), 450 mgL
-1

 (JCp15 and RCp2) or 500 mgL
-1

 (LCp6) 

concentration (Table 3.6). In earlier reports Bacillus pumilus C2A1 (Anwar et al., 2009) and 

Alcaligenes faecalis DSP3 (Yang et al., 2005) were able to grow and degrade CP at 

concentration of 500 mgL
-1

 in nutrient medium. MIC of pesticide studies for CM revealed the 

tolerance level of most of the isolates for CM at 500 mgL
-1

 concentration, whereas other 

isolates ceased to grow at 350 mgL
-1 

(LCm1, LCm7, and RCm11), 400 mgL
-1 

(JCm4) or 450 

mgL
-1 

(JCm3, JCm8 and MCm1) concentrations (Table 3.7). In previous reports CM-resistant 

strains Azoarcus indigens HZ5 (Ma et al., 2013) and Pseudomonas aeruginosa CH7 (Zhang 

et al., 2011a) have been shown to tolerate CM upto 250 mgL
-1

 and 900 mgL
-1 

respectively. 

Finally the potential of isolates to degrade CP or CM and degradation percentages were 
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evaluated using TLC and HPLC. TLC chromatograms of CP degradation by isolates showed 

presence of spots similar to that of TCP (metabolite of CP degradation) and reduction in 

intensity of CP spots as compared to control sample. HPLC chromatograms of same showed 

presence of peaks at retention time similar to that of standard TCP peaks and decrease in peak 

areas of CP. Previous studies have demonstrated that degradation of CP in different bacteria 

occur via TCP pathway and initial hydrolysis made TCP and DETP (Maya et al., 2011; Lu et 

al., 2013; Jabeen et al., 2014). Calculation of percentage decrease in CP concentration in 

cultures of CP-degrading isolates showed 25 to 84.4% utilization of initially applied CP. 

Lakshmi et al. (2008) isolated diverse CP-degrading bacteria from contaminated soil and 

found their degradation potential in the range of 75-87%. Different spots were observed on 

TLC chromatograms of CM degrading isolates with Rf values which corresponded to various 

metabolites such as 3-PBA, phenol and catechol in CM-degradation pathway. Appearance of 

peaks at retention time different than CM peak and reduction in peak area of CM confirmed 

degradation of cypermethrin by selected isolates. Cypermethrin degradation via 3-PBA route 

has been reported earlier (Tallur et al., 2008; Zhang et al., 2010). HPLC analysis showed that 

CM-degrading isolates utilized 15-100% of applied CM within 10 days. From the result of 

screening procedures 10 potential isolates were selected with high survival rate in stressed 

environment and maximum degrading capacity for CP and CM each. Isolates LCp2, LCp4, 

LCp5, LCp8, LCp9, LCp10, JCp4, MCp3, MCp4 and FCp1 were selected for CP-degradation 

and they showed 53-84.4% degradation of chlorpyrifos (100 mgL
-1

) in one week. In earlier 

reports Bacillus pumilus C2A1 (Anwar et al., 2009) and Stenotrophomonas maltophilia MHF 

ENV20 (Dubey and Fulekar, 2012) have been reported to degrade 73% and 50% of 

chlorpyrifos at 100 mgL
-1

 concentration in 10 and 4 days respectively.  Isolates LCm3, JCm1, 

JCm2, JCm5, JCm7, MCm4, MCm5, FCm2, FCm9 and RCm6 showed 65-100% degradation 

of cypermethrin (100 mgL
-1

) in one week and were selected for further biodegradation 

studies. Strains Ochrobactrum lupini DG-S-01 (Chen et al., 2011a) and Azoarcus indigens 

HZ5 (Ma et al., 2013) have been reported to degrade 90% and 70% cypermethrin at 

concentration of 50 mgL
-1

 in 5 days, respectively. Whereas Pseudomonas aeruginosa CH7 

(Zhang et al., 2011a) has been reported to degrade 90% of cypermethrin (100 mgL
-1

) within 

12 days.  

CP and CM degrading isolates selected after screening procedures were subjected to 

biochemical characterization. Biochemical profiles of isolates revealed that all the isolates 

possessed catalase activity and ability for glucose utilization. Majority of the microbes were 
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motile, oxidase positive and were capable of utilizing citrate as C source and reducing 

nitrates. Isolates LCp4, LCp8, LCp9, MCp3, JCm1, JCm7, MCm5 and FCm9 showed 

positive results for methyl-red while LCp5 and LCm3 were positive for Voges-Proskeur tests. 

Urease activity was detected in the isolates FCp1, JCm1, JCm2, Jcm5, JCm7, FCm2 and 

FCm9 while only JCm5 gave positive result for H2S production. Indole production ability 

was detected in the isolates LCp4, LCp8, LCp9, JCp4, MCp3, FCp1, JCm5, MCm5, FCm2 

and FCm9. The isolates JCm2, and FCm2 gave positive results and the isolates LCp8, 

LCp10, MCp4, JCm5, MCm4 and RCm6 were negative for gelatin, starch and casein 

hydrolysis. Most of the strains had ability to ferment sugars. Morphological and biochemical 

characteristics of selected strains indicated their affiliation with Pseudomonas (LCp2 LCp8, 

LCp9 and MCp3), Bacillus (LCm3, JCm2, FCm2 and FCm9), Ochrobactrum (FCp1, JCm1 

and JCm7), Sphingomonas ( LCp10 and RCm6) and Paracoccus species (MCp4 and MCm4). 

Pesticide degrading Pseudomonas sp. positive for catalase, oxidase and citrate activities, 

oxidative glucose metabolism and negative for sugar fermentation has been reported earlier 

(Maya et al., 2011). Ochrobactrum sp. YZ-1 positive for motility, starch hydrolysis, glucose 

and sucrose utilization tests and negative for indole, Voges-Proskauer and gelatin 

liquification tests were isoalted by Zhai et al. (2012). Bacillus sp. TAP-1 was tested positive 

for catalase, oxidase, starch hydrolysis and acid production from sugars tests and negative for 

Voges-Proskauer, H2S production and indole tests  (Tang and You, 2012).  

Bacterial strains exhibited difference in their growth patterns when grown in presence and 

absence of CP or CM. These differences were the initial lag phase or slower growth rate in 

earlier hours and continued growth in later hours in pesticide supplemented medium. Initial 

lag phase may represent the time needed for enzyme induction responsible for degradation of 

pesticide. Another reason for initial lag phase can be the growth of small population of 

bacteria to reach cell densities sufficiently high to start effective/detectable biodegradation 

(Anwar et al., 2009). The initial slower growth rate in nutrient medium supplemented with 

pesticide can be due to toxicity of compound that might have hindered the growth of 

microbes but after an acclimation phase of 4 or 8 hours the bacterial strains started to 

multiply and utilize both C sources and continued to grow even in the later hours till the 

substrate disappeared. The accumulation of toxic compound during bacterial growth might 

have been responsible for decrease in growth rate in late hours or decline phase. Jilani and 

Khan (2004) studied growth kinetics of Pseudomonas sp. in presence of cypermethrin, 

malathion, cartap and methamidophos by using viable cell count. They observed a prolonged 
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lag phase in presence of higher concentrations of these pesticides and at the end of incubation 

higher growth was seen in pesticide supplemented nutrient medium as compared to control. 

In another report, Rani et al. (2008) studied growth response of Providencia stuartii in 

presence of CP and observed increase in bacterial growth at 50-200 mgL
-1 

compared to 

control, however, initial decrease in cell density and a longer lag phase was observed at 

concentration of 400 mgL
-1

.  

Antibiotic and heavy metal resistance profiles of pesticide degrading isolates exhibited their 

multiple resistance against various antibiotics (ampicillin, tetracycline, chloramphenicol, 

kanamycin and novobiocin) and heavy metals (Cr
3+

, Co
2+

, Cu
2+

, Ni
2+

, Cd
2+

 and Zn
2+

). Similar 

results have been reported earlier, such as Shafiani and Malik (2003) reported isolation of 

malathion, endosulfan and carbofuran resistant bacteria form wastewater-irrigated soil which 

also resisted different antibiotics such as tetracycline, chloramphenicol, methicillin and 

doxycycline. Bahig et al. (2008) studied antibiotic and heavy metal resistance along with 

pesticide biodegradation in bacterial strains isolated from agricultural soils irrigated with 

contaminated water. These isolates exhibited MICs of 600-1200 μgmL
-1

 for different heavy 

metals and were also able to resist ampicillin, tetracycline and kanamycin. Moreover, these 

isolates exhibited degradation potential for cypermethrin and carbaryl. In another study, Ao-

Amer et al. (2013) found simultaneous antibiotic (chloramphenicol, nitrofurantoin and co-

trimoxazole), heavy metal (Cd
2+

, Co
2+

, Cr
3+

,
 
Cu

2+
, Hg

2+
, Ni

2+
,
 
 Pb

2+ 
and  Zn

2+
) and herbicide 

(2,4 dichlorphenoxyacetic acid) resistance in Azotobacter sp. strains isolated from 

contaminated soils. Usually the agricultural soils are irrigated with canal’s water; mostly 

contaminated with municipal and industrial waste-waters which contain hazardous levels of 

heavy metals and other toxicants. Microbes survive in such polluted environments through 

intrinsic biochemical and structural properties as well as physiological and genetic 

adaptations (Bahig et al., 2008).  

Identification of bacteria based on genetic characteristics provides more precise and quick 

results compared to traditional identification systems e.g., phenotypic and biochemical 

characterization. Comparison of bacterial 16S rRNA gene sequence has emerged as a 

preferred genetic technique. On the basis of 16S rDNA sequencing results, all the strains 

were found to have 98-99% homology to existing strains. Comparison of 16S rRNA gene 

sequence and phylogenetic analysis helped in assigning species to most of the strains. CP-

resistant strains were identified as Pseudomonas putida LCp2, Pseudomonas mendocina 

LCp8, Pseudomonas aeruginosa LCp9, Pseudomonas oryzihabitans MCp3, Acinetobacter 
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calcoaceticus LCp4, Stenotrophomonas maltophilia LCp5, Achromobacter xylosoxidans 

JCp4 , Sphingomonas sp. LCp10, Paracoccus sp. MCp4 and Ochrobactrum sp. FCp1 (Table 

3.7). CM-resistant strains were identified as Bacillus cereus LCm3, Ochrobactrum anthropi 

JCm1, Bacillus megaterium JCm2, Rhodococcus sp. JCm5, Ochrobactrum haematophilum 

JCm7, Paracoccus sp. MCm4, Acinetobacter calcoaceticus MCm5, Bacillus megaterium 

FCm2, Brevibacillus parabrevis FCm9 and Sphingomonas sp. RCm2 (Table 3.7). Pesticide 

degrading strains belonging to genera Pseudomonas (Sasikala et al., 2012), Bacillus (Anwar 

et al., 2009), Ochrobactrum (Chen et al., 2011a), Acinetobacter (Chanika et al., 2011), 

Sphingomonas (Li et al., 2007a) and many others have been identified based on biochemical 

characters and 16S rRNA gene sequence (Molecular characters).  

Most of the isolated pesticide degrading bacterial strains in this study are related to same 

genera that have been reported to have profound role in pesticide metabolism such as 

Pseudomonas (Cycon et al., 2009; Zhang et al., 2011a; Abo-Amer, 2012), Bacillus (Ali et al., 

2011; Chen et al., 2012b) Ochrobactrum (Wang et al., 2011; Zhai et al., 2012), 

Sphingomonas (Bending et al., 2003; Li et al., 2007a) and Paracoccus (Xu et al., 2008; Li et 

al., 2010). Genera Acinetobacter (Liu et al., 2007; Chanika et al., 2011), Stenotrophomonas 

(Chen et al., 2011c; Dubey and Fulekar, 2012), Achromobacter (Zhang et al., 2005), 

Brevibacillus (Singh et al., 2012) and Rhodococcus (Liu et al., 2012; Hou et al., 2014) have 

also been studied for their role in pesticide degradation. Some of the strains such as 

Ochrobactrum haematophilum, Bacillus megaterium and Pseudomonas oryzihabitans are 

novel to this work and have not been reported earlier for pesticide degradation.  
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CHAPTER 4 

PESTICIDE BIODEGRADATION STUDIES 

Biological degradation or biodegradation is the biologically catalyzed reduction in 

complexity of chemicals. As a result of adaptation to polluted environments, microorganisms 

can use a broad range of organic compounds as energy and carbon sources by expressing 

diverse catabolic pathways (Díaz, 2004). The study of microbial physiology and biochemistry 

is a crucial step to carry out ex situ and in situ biodegradation of pollutants. Microbial growth 

by consumption of chemical contaminants such as pesticides as substrates has been studied 

extensively (Cycon et al., 2009; Cao et al., 2012; Wang et al., 2012). Usually, the outcome of 

substrate utilization is removal of chemical compound, increase in microbial biomass and 

subsequent biodegradation of the pollutant. Various kinetic models describing microbial 

growth and biodegradation rates have been designed for pollutant degradation studies. Such 

models calculate the concentrations of chemicals that remain at a given time and estimation 

of the time needed to decrease chemical to specific concentration, etc (Okpokwasili and 

Nweke, 2006). The extent of biodegradation also depends upon various factors such as 

temperature, pH, inoculum size, nutrients availability and presence of readily available 

carbon sources (Singh et al., 2004; Anwar et al., 2009).  

This part of study comprises of biodegradation studies that were carried out using 

chlorpyrifos, cypermethrin, their metabolites or related pesticides as growth substrates. 

Firstly, increase of bacterial biomass using pesticides as carbon source and subsequent 

decrease in CP or CM concentration was analyzed in mineral medium. Pesticide degradation 

kinetics were calculated by applying kinetic model Ct = C0 x e 
_kt 

where C0 is the initial 

amount of pesticide at time zero, Ct is the concentration of pesticide at time t, t is the 

degradation period in days and k is the rate constant (d
−1

). The time at which half of the 

pesticide is degraded (T1/2) was calculated using the algorithm T1/2=ln2/k. Correlation 

coefficient (R
2
) and Regression equation were calculated from linear equation between 

ln(Ct/C0) of chemical data and time. Secondly, the effect of additional carbon source, pH and 

temperature on degradation of pesticide was studied. Thirdly, the ability of bacteria to 

degrade primary metabolites of CP or CM was evaluated by using these metabolites as sole 

source of carbon. And finally, substrate range of bacterial strains was determined by growing 

these on pesticides of different classes as growth substrates.  
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Bacterial Growth and CP and CM Biodegradation in Mineral Salt Medium 

Increase of bacterial biomass using pesticides as sole carbon source and subsequent decrease 

in CP or CM concentration was analyzed in mineral salt medium for 10 days. Substantial 

variations were observed in growth patterns of individual bacterial isolates with CP or CM as 

growth substrate. For most of the CP-degrading strains most effective growth was observed 

over 2-6 days and maximum growth was attained either after 6 or 8 days of incubation (Fig. 

4.1). Bacterial cultures of P. putida LCp2 and Sphingomonas sp. LCp10 showed increase in 

growth upto 6 days and after that the decline phase started. Maximum time for increase in 

growth for other CP-degrading strains was 8 days. Decrease in concentration of chlorpyrifos 

estimated by HPLC confirmed that all isolates were able to degrade chlorpyrifos with 

different degradation rates. CP amount used by bacterial isolates in 10 days ranged from 53-

85% at the concentration of 100 mg L
-1 

(Figure 4.1). The degradation kinetics revealed that 

CP-degradation was maximum during 2-6 days when growth rate was high.  In control flasks 

CP degradation by abiotic losses was insignificant, with only 3-4% CP depletion observed at 

the end of 10 days. The highest CP-degradation potential was exhibited by A. xylosoxidans 

JCp4, Ochrobactrum sp. FCp1 and  A. calcoaceticus LCp4 degrading 84.4, 76.8 and74.6% of 

initial CP amount at average rate of 7.9, 7.3 and 7.11 mg L
-1

 d
-1

, respectively (Table 4.1). The 

degradation rate constant for these strains was calculated to be 0.16, 0.136 and 0.144 d
-1

 with 

half life (T1/2) of 4.33, 5.09 and 4.81 days. P. mendocina LCp8, P. aeruginosa LCp9 and P. 

oryzihabitans MCp3 degraded CP approximately at same rate degrading 69.8, 67.5 and 66 % 

of initial CP amount at average rate (V) of 6.7, 6.4 and 6.3 mg L
-1

 d
-1 

with rate constant of 

0.11, 0.103 and 0.0925 d
-1

. The time within which these strains degraded half of initial CP 

amount was calculated to be 6.3, 6.7 and 7.5 days. S. maltophilia LCp5 and Paracoccus sp. 

MCp4 degraded 61 and 62.3 % CP at rate of 5.78 and 6.0 mg L
-1

 d
-1

, respectively. These 

strains degraded half of initial CP in 7 and 8.25 days.  The lowest CP degradation was 

observed in case of P. putida LCp2 and Sphingomonas sp. LCp10 that degraded 53 and 56% 

of applied CP at rate of 4.95 and 4.9 mg L
-1

 d
-1

 with half life of 8.66 and 9.0 days (Table 4.1).  

Other observation made during HPLC analysis of CP-degradation by bacterial strains was 

presence of peaks with retention times (RT) 2.12, 2.82, 3.90, 4.26 and 4.78 mins other than 

CP (retention time 6.01 min) (Figure 4.2). HPLC chromatogram of 2d culture showed 

presence of two additional peaks (2.12 and 2.82 mins), peak with RT 2.82 mins corresponded 

to TCP (Chapter 3, Figure 3.4a). While other peaks appeared in chromatogram 
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Figure 4.1: Degradation of chlorpyrifos (●-●) during growth (▲-▲) of bacterial strains in mineral 

salt medium at concentration of 100 mg L
-1
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Figure 4.1: (Cont.) Degradation of chlorpyrifos (●-●) during growth (▲-▲) of bacterial strains in 

mineral medium at concentration of 100 mg L
-1
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Figure 4.2:  HPLC chromatograms of chlorpyrifos degradation by Achromobacter 

xylosoxidans JCp4 at (a) 0d, (b) 2d, (c) 4d. Retention times for CP and TCP 

are 6.07 and 2.82 mins and other peaks might represent different degradation 

products.  
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Figure 4.2:  (Cont.) HPLC chromatograms of chlorpyrifos degradation by Achromobacter 

xylosoxidans JCp4 at (d) 0d, (e) 2d, (f) 4d. Retention time for CP and TCP is 

6.07 and 2.82 mins and other peaks might represent different degradation 

products. 
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 of cultures of later days. Another observation made from HPLC chromatograms was 

transient or persistent accumulation of TCP. The results exhibited TCP peaks in 

chromatograms of culture extracts of P. putida LCp2, S. maltophilia LCp5 and 

Sphingomonas sp. LCp10 showed increase in concentration with incubation. While 

chromatograms of other strains showed transient accumulation and then decrease in 

concentration of TCP (Figure 4.2).   

Growth measurements for CM-degrading strains during CM utilization in mineral medium 

showed that bacterial growth was highest during 2-6 days (Figure 4.3). Bacterial strains 

LCm3, MCm4 and FCm9 showed increase in growth upto 6 days and the reduction in 

bacterial mass started afterwards. The rest of the strains continued to grow till 8 days and 

then decline phase started afterwards (Figure 4.3). Bacterial growth rate was linked to 

degradation capacity, e.g., higher growth was obtained with increased CM-degradation. 

Degradation dynamics revealed that bacterial strains degraded CM with significantly 

different rates (Table 4.1). The most efficient CM degrading strains were Rhodococcus sp. 

JCm5 and B. parabrevis FCm9 which degraded 100% of applied CM in 10 and 8 days, 

respectively with 12.15 and 9.6 mg L
-1

 d
-1 

degradation rates and half life of 3.05 and 1.88 

days. O. anthropi JCm1, A. calcoaceticus MCm5 and Sphingomonas sp. RCm6 degraded 90-

92% of initially applied CM in 10 days with degradation rates of 8.65, 8.27 and 8.96 mg L
-1

 

d
-1

 and rate constant of 0.173, 0.171 and 0.2 d
-1

. The half life of CM degradation by these 

strains was 4.0, 4.05 and 3.46 days. Two strains of B. megaterium JCm2 and FCm2 degraded 

86 and 82% of applied CM with degradation rate of 8.3 and 7.96 mg L
-1

 d
-1

. O. hematophilum 

JCm7 and Paracoccus sp. MCm4 utilized 78 and 76 % of applied CM with 7.6 and 7.35 mg 

L
-1

 d
-1

 degradation rate and the half life was calculated to be 5.17 and 5.98 days. B. cereus 

LCm3 was the slowest CM degrading strain utilizing only 60% of applied amount in 10 days 

at the rate of 5.8 mg L
-1

 d
-1 

with half life of 8.25 days (Table 4.1).  

Other observations made form HPLC chromatogram analysis included appearance of 

additional peaks with RT 2.51, 2.97, 3.31, 3.77 and 4.9 mins. HPLC chromatograms of 2d 

culture extract exhibited appearance of peaks with 2.51 and 2.97 mins RT. Two other peaks 

with RT 3.31 and 3.77 mins appeared in 6d chromatogram and one peak with RT 4.83 

appeared in chromatogram of 8d culture. Peak with RT of 2.97 corresponded 3-PBA (primary 

metabolite of CM) (Chapter 3, Figure 3.4a). Furthermore, reduction in peak areas of 3-PBA 

and appearance of more peaks indicated degradation of 3-PBA by bacterial isolates (Figure 

4.4).  
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Figure 4.3: Degradation of cypermethrin (●-●) during growth (▲-▲) of bacterial strains in mineral 

medium at concentration of 100 mg L
-1
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Figure 4.3: (Cont.) Degradation of cypermethrin (●-●) during growth (▲-▲) of bacterial strains in 

mineral medium at concentration of 100 mg L
-1
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Figure 4.4:  HPLC chromatograms of cypermethrin degradation by Bacillus megaterium 

JCm2 at (a) 0d, (b) 2d, (c) 4d. Retention time for CM and 3-PBA is 5.96 and 

2.92 min, respectively. Additional peaks might represent other degradation 

products. 
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Figure 4.4:  HPLC chromatograms of cypermethrin degradation by Bacillus megaterium 

JCm2 at (d) 6d, (e) 8d, (f) 10d. Retention time for CM and 3-PBA is 5.97 and 

2.92 min, respectively. Additional peaks might represent other degradation 

products. 
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e 
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Table 4.1: Kinetic parameters of CP and CM degradation by different bacterial strains in 

mineral salt medium supplemented with 100 mg L
-1

 CP or CM. 

Bacterial strains 
c
Regression Equation 

a
Δk (d

-1
) 

b
ΔV (mg 

L
-1

 d
-1

) 

d
T1/2 

(d) 
c
R

2
 

CP Control ln(Ct/Co)= -0.002t + 0.034 0.010
a
 0.206

a
 69.3

k
 0.957 

P. putida LCp2 ln(Ct/Co)= -0.080t + 0.021 0.081
b
 4.95

c
 8.66

i
 0.952 

A. calcoaceticus LCP4 ln(Ct/Co)= -0.143t + 0.025 0.144
g
 7.11

i
 4.81

b
 0.984 

S. maltophilia LCp5 ln(Ct/Co)= -0.096t + 0.026 0.099
cd

 5.04
d
 7.0

f
 0.981 

P. mendocina LCp8 ln(Ct/Co)= - 0.121t + 0.025 0.11
e
 6.7

h
 6.3

d
 0.993 

P. aeruginosa LCp9 ln(Ct/Co)= -0.104t + 0.002 0.103
d
 6.4

g
 6.7

e
 0.977 

Sphingomonas sp. LCp10 ln(Ct/Co)= -0.078t + 0.013 0.077
b
 4.9

b
 9.0

j
 0.956 

A. xylosoxidans JCp4 ln(Ct/Co)= -0.180t + 0.05 0.16
h
 7.9

k
 4.33

a
 0.993 

P. oryzihabitans MCp3 ln(Ct/Co)= -0.111t + 0.050 0.0925
c
 6.3

f
 7.5

g
 0.984 

Paracoccus sp. MCp4 ln(Ct/Co)= -0.096t + 0.029 0.084
b
 6.0

e
 8.25

h
 0.986 

Ochrobactrum sp. FCp1 ln(Ct/Co)= -0.147t + 0.021 0.136
f
 7.3

j
 5.09

c
 0.994 

CM Control ln(Ct/Co)= -0.002t + 0.034 0.012
a
 0.72

a
 57.76

j
 0.991 

B. cereus LCm3 ln(Ct/Co)= -0.096t + 0.029 0.084
b
 5.8

b
 8.25

i
 0.985 

O. anthropi JCm1 ln(Ct/Co)= -0.231t + 0.182 0.173
f
 8.65

g
 4.00

d
 0.965 

B. megaterium JCm2 ln(Ct/Co)= -0.202t + 0.146 0.154
e
 8.3

f
 4.5

g
 0.972 

Rhodococcus sp. JCm5 ln(Ct/Co)= - 0.121t + 0.025 0.227
h
 9.6

i
 3.05

b
 0.787 

O. hematophilum JCm7 ln(Ct/Co)= -0.104t + 0.002 0.134
d
 7.6

d
 5.1

g
 0.992 

Paracoccus sp. MCm4 ln(Ct/Co)= -0.078t + 0.013 0.116
c
 7.35

c
 5.98

h
 0.979 

A. calcoaceticus MCm5 ln(Ct/Co)= -0.180t + 0.05 0.171
f
 8.27

f
 4.05

de
 0.991 

B. megaterium FCm2 ln(Ct/Co)= -0.107t + 0.05 0.166
f
 7.9

e
 4.17

e
 0.992 

B. parabrevis FCm9 ln(Ct/Co)= -0.096t + 0.029 0.368
i
 12.15

j
 1.88

a
 0.875 

Sphingomonas sp. RCm6 ln(Ct/Co)= -0.147t + 0.021 0.2
g
 8.96

h
 3.46

c
 0.967 

a
Degradation rate constant (k) calculated using Ct=C0 x e

_kt
.
 
Ct residual concentration of CP or CM 

(mg L
-1

); 
b 

CP or CM disappearance rate; 
c
 Linear equation between ln(Ct/C0) of chemical data and 

time yielded Regression equation and Regression coefficient (R2
); 

d
 Disappearance time calculated by 

T1/2=ln2/k. Significant difference between various treatements was determined by Duncan' multiple 

range test (p>0.05). 
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Degradation of CP and CM Metabolites 

The ability of strains to mineralize pesticides (CP and CM) completely was evaluated by 

growing the strains with 100 mg L
-1

 of metabolic products of CP (TCP) and CM (3-PBA and 

catechol) for 10 days and the residues were analyzed by HPLC. CP-degrading strains were 

checked for degradation of metabolite TCP. Among CP-degrading strains P. putida LCp2, S. 

maltophilia LCp5, and Sphingomonas sp. LCp10 neither showed reduction in TCP peak area 

nor appearance of additional peak which indicated that these strains could not degrade TCP 

(Figure 4.5Ib). While considerable reduction in peak area of TCP and additional peaks were 

observed in their HPLC chromatograms of rest of the strains (Figure 4.5Ic). Maximum TCP 

was degraded by A. xylosoxidans JCp4 (81.3%), A. calcoaceticus LCp4 (78%) and P. 

aeruginosa LCp9 (75%).  P. mendocina LCp8, P. oryzihabitans MCp3, Paracoccus sp. 

MCp4 and Ochrobactrum sp. FCp1 degraded 74.3, 72, 57.5 and 52.3% of applied TCP (100 

mgL
-1

), respectively (Figure 4.5II). 

CM-degrading strains were tested for utilization of CM metabolites 3-PBA and catechol (100 

mgL
-1

). Both of these metabolites were utilized by all CM-degrading strains. HPLC analysis 

revealed reduction in peak area representing 3-PBA and appearance of new peaks with RT of 

4.84, 3.79, 3.24, 1.52 and 1.03 mins (Figure 4.6Ib). Rhodococcus sp. JCm5 and B. parabrevis 

FCm9 were more efficient in utilizing 3-PBA and degraded 10% of applied concentration. 

Degradation of 3-PBA recorded by other strains was 67.1% by B. cereus LCm3, 68.5% by O. 

anthropi JCm1, 56.2% by B. megaterium JCm2, 65.3% by O. hematophilum JCm7, 58.7% by 

Paracoccus sp. MCm4, 84.5% by A. calcoaceticus MCm5, 56.2% by B. megaterium FCm2, 

and 86.8% by Sphingomonas sp. RCm6 (Figure 4.6II). 

Analysis of HPLC chromatograms for catechol degradation also revealed appearance of 

peaks with RT 4.84, 1.52 and 1.03 mins in addition to reduction in area of catechol peak (RT 

3.24) (Figure 4.7Ib). Rhodococcus sp. JCm5 and B. parabrevis FCm9 were degraded 100% 

of applied catechol. Catechol utilization by rest of the strains was recorded to be 73.4% by B. 

cereus LCm3, 68.5% by O. anthropi JCm1, 65.2% by B. megaterium JCm2, 70.2% by O. 

hematophilum JCm7, 62.5% by Paracoccus sp. MCm4, 73% by A. calcoaceticus MCm5, 

65.8% by B. megaterium FCm2, and 74.9% by Sphingomonas sp. RCm6 (Figure 4.7II).
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Figure 4.5:  Degradation of TCP; (I) HPLC chromatograms of TCP standard (a), TCP 

degradation by P. putida LCp2 (b), A. calcoaceticus LCp4 and (II) percentage 

degradation of TCP by CP-degrading strains at concentration of 100 mg L
-1 

after 10 days. Error bars represent S.E of three replicates. 
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Figure 4.6:  Degradation of 3-PBA; (I) HPLC chromatograms of (a) 3-PBA standard and 

(b) 3-PBA degradation by Bacillus megaterium JCm2 and (II) percentage 

degradation of 3-PBA by CM-degrading strains at concentration of 100 mg L
-

1 
after 10 days. Error bars represent S.D. of three replicates.
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Figure 4.7:  HPLC chromatograms of (Ia) Catechol standard, (Ib) Catechol degradation by 

Bacillus megaterium JCm2, (II) percentage degradation of catechol by CM-

degrading strains at concentration of 100 mg L
-1 

after 10 days. 

Error bars represent S.D. of three replicates. 
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Effect of Additional Carbon Source on Degradation of Pesticides 

To check the effect of additional readily assimilable carbon source on CP and CM 

degradation was studied in the presence of glucose and succinate. Mineral salt medium 

supplemented with 1% (v/v) glucose or succinate and 100 mg L
-1

 CP or CM was inoculated 

with bacterial strains and incubated for 6 days. At the end of incubation period bacterial 

growth was evaluated as OD600nm and residual pesticides were analyzed by HPLC. With 

glucose or succinate as an additional C source bacterial growth was considerably stimulated.  

Addition of glucose and succinate as carbon source stimulated the growth of CP-degrading 

bacteria and in turn enhanced the CP degradation rate. An increase of 17.6-35% in bacterial 

growth was observed in presence of glucose at the end of incubation period whereas addition 

of succinate enhanced the growth by 20-36.4%. The growth of strains A. calcoaceticus LCp4, 

P. aeruginosa LCp9, A. xylosoxidans JCp4 and P. oryzihabitans MCp3 was increased upto 

17.6-25.8% and 20-25.4% by glucose and succinate, respectively. Whereas an enhancement 

of 27-36.4% was observed for other strains in presence of added carbon source (Figure 4.7A). 

CP-degradation was enhanced upto 17-29.6% by addition of glucose whereas succinate 

increased CP utilization by 22-33.5%. CP degradation by strains P. mendocina LCp8, P. 

aeruginosa LCp9, Paracoccus sp. MCp4 and Ochrobactrum sp. FCp1 was greatly enhanced 

in presence of glucose (27.5-29.6%) and succinate (28.2-33.5%) as compared to other strains 

(Figure 4.7B).   

Growth of CM-degrading strains was also stimulated after amending mineral medium with 

glucose or succinate. An increase of 22-32% in growth of CM-degrading strains was 

observed in presence of glucose at the end of incubation period whereas addition of succinate 

enhanced the growth by 23-34.6% (Figure 4.8A). The increase in growth of strains B. 

megaterium JCm2, Rhodococcus sp. JCm5, O. hematophilum JCm7, Paracoccus sp. MCm4, 

A. calcoaceticus MCm5 and B. megaterium FCm2 was greater with added carbon sources as 

compared to B. cereus LCm3, O. anthropi JCm1, Sphingomonas sp. RCm6 and B. parabrevis 

FCm9 (Figure 4.8A). CM-degrading strains showed 9.8-23% increase in CP degradation in 

presence of glucose and 10.6-25.2% increase in presence of succinate (Figure 4.8B). CM-

degrading strains Rhodococcus sp. JCm5, O. hematophilum JCm7 and A. calcoaceticus 

showed a greater enhancement in CM-degradation (22.5-25.2%) with amended carbon source 

as compared to other strains.  
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Figure 4.8: Effect of additional carbon sources glucose (G) and succinate (S) on (A) 

growth of CP-degrading bacterial strains and (B) degradation of chlorpyrifos 

in mineral salt medium at concentration of 100 mgL
-1

 CP and 1% (v/v) C 

source. Error bars represent S.D. of three replicates. 
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Figure 4.9: Effect of additional carbon sources glucose (G) and succinate (S) on (A) 

growth of CM-degrading bacterial strains and (B) degradation of cypermethrin 

in mineral salt medium at concentration of 100 mgL
-1

 CP and 1% (v/v) C 

source. Error bars represent S.D. of three replicates. 
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Effect of pH and Temperature on Pesticide Degradation 

Environmental factors such as pH and temperature are central factor influencing pesticide 

degradation ability of microbes. The CP and CM degrading ability of microbes was studied at 

different pH (5-9) and temperatures (20-40). To evaluate the effect of pH on pesticide 

degradation mineral salt medium with different pH amended with 100 mgL
-1 

CP or CM was 

inoculated with relative strains and incubated at 30°C for 10 days. Temperature effect on 

pesticide degradation was determined by inoculating mineral salt medium supplemented with 

100 mgL
-1 

CP or CM and incubating at different temperatures for 10 days. The percentage 

pesticide degradation in both cases was analyzed by HPLC.  

Bacterial strains exhibited CP-degradation at wide pH range and were able to degrade CP at 

pH 5-9. The maximum degradation was observed at neutral pH and the strains performed 

equally well at pH 6 and 8, however a significant reduction in CP degradation was observed 

when becomes more acidic (pH5) or basic (pH9). While the % CP-degradation ranged from 

60.2-84.4% at pH 7, it slightly reduced to 43.6.-72.2% at pH 6 and 56-78.5% at pH 8. At pH5 

the CP-degradation ranged from 20.6 to 35.8%, while at pH 9 it ranged from 24.0-37.3% 

(Figure 4.9A). Similarly CM-degrading strains showed CM-utilization from pH5 to pH9 but 

with significant reduction in utilization at pH 5 (acidic) and pH9 (basic). The optimum pH for 

degradation was pH 7 (neutral). While the % CM-degradation ranged from 60.5-100% at pH 

7, it reduced to 47.5.-82.8% at pH 6 and 55-85.5% at pH 8. At pH5 the CM-degradation 

ranged from 22.6 to 42.8%, while at pH 9 it ranged from 24.5-36.6% (Figure 4.9B).  

Degradation of CP by bacterial strains varied at different temperatures; the optimum 

temperature for CP degradation was 30-35°C while lower concentration of CP was degraded 

at 20, 25 and 40°C. CP-degrading strains utilized 58.2-83.8% and 54.3-80% at 30 and 35°C 

while it reduced to 20.5-36.2% at 40°C. CP-degradation was also reduced at 25°C and 20°C 

and ranged from 30.2-47.6% and 15.3-20.8%, respectively (Figure 4.10A). CM-degradation 

by bacterial strains was affected by different temperatures and though CM-degradation was 

observed at all temperatures the % reduction in applied CM concentration was less at lower 

(20 and 25°C) or higher temperatures (40°C). CM-degrading strains utilized 60-100% and 

60.8-92% at 30 and 35°C while it reduced to 16.8-57.2% at 40°C. CP-degradation was also 

reduced at 25°C and 20°C and ranged from 20.6-65.5% and 14.2-32.6%, respectively (Figure 

4.10B).
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Cross Feeding Studies 

The capability of bacterial strains to utilize structurally different pesticides, these were grown 

on different pesticides as sole C source  at 100 mg L
-1

 for 10 days. The residues were 

extracted with ethylacetate and analyzed by HPLC. CP-degrading strains were tested against 

triazophos, profenophos (OPs) cypermethrin, bifenthrin (SPs) and carbofuran (carbamate). 

OPs were utilized by all the CP-degrading strains. Overall, CP-degradng strains were able to 

degrade 50-92% of triazophos and 47-84% of profenophos. A. calcoaceticus LCp4, P. 

mendocina LCp8, P. aeruginosa LCp9, A. xylosoxidans JCp4 and Ochrobactrum sp. FCp1 

were the most efficient degraders of triazophos and profenophos. In case of SPs, strains 

LCp4, LCp9, JCp4, LCp10 and FCp1 were able to degrade cypermethrin (22.7-36.5%) and 

bifenthrin (23.7-38.2%). Carbofuran was degraded considerably (50-80%) by all strains 

except LCp2 and MCp4 (Figure 4.12). HPLC chromatogram of triazophos (RT 5.9 mins) 

degradation showed peaks with RT 5.92, 4.01, 3.65 and 2.02 that might correspond to its 

degradation products (Figure 4.14). HPLC analysis of profenophos (RT 7.52 mins) 

degradation revealed appearance of peaks with RT 5.82, 4.96, 4.58, 2.76, and 2.63 mins 

(Figure 4.15). HPLC analysis showed additional peaks at RT 2.98 and 2.51 mins for CM 

degradation (Figure 4.16) while at 7.3, 6.16 and 5.97 for bifenthrin degradation (Figure 

4.17b). Carbofuran (RT 2.17 mins) degradation analysis showed appearance of new  peaks at 

RT 0.83 and 1.54 mins (Figure 4.21b)  

CM-degrading strains were tested against bifenthrin, λ-cyhalothrin, deltamethrin (SPs), CP 

(OPs) and carbofuran (carbamate) (Figure 4.12). Bifenthrin and deltamethrin were utilized by 

all the strains in the range of 58-92% and 50.4-85%. However λ-cyhalothrin was not 

degraded by B. cereus LCm3, B. megaterium JCm2 and FCm2, while rest of the CM-

degrading strains utilized 38.5-65.5% of applied λ-cyhalothrin. CP was not degraded by 

LCm3, JCm2, MCm5 and FCm2 while rest of the strains degraded 22.8-47.3% CP. 

Carbofuran was used as growth substrate by most of the strains at range of 28.5-68.5%, 

however LCm3 and MCm4 failed to degrade carbofuran (Figure 4.13).  HPLC analysis of 

bifenthrin degradation showed new peaks at RT 7.53, 6.24, 5.18 and 4.67 mins (Figure 

4.17c). The metabolic products of λ-cyhalothrin appeared at RT .44, 8.31, 6.0, 4.24 and 4.11 

mins (Figure 4.18), while products of deltamethrin appeared at 4.81, 4.06, 3.65, 2.92 and 2.51 

(Figure 4.19). Only two peaks of RT 2.79 and 2.12 mins were detected in HPLC 

chromatograms of CP-degradation (Figure 4.20) while three peaks were observed for 

carbofuran degradation (Figure 4.21c) by CM-degrading strains. 
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Figure 4.12: Degradation of pesticides from different classes; Organophosphates 

(Triazophos, Profenophos), Pyrethroids (cypermethrin, bifenthrin) and 

Carbamate (carbofuran) by CP-degrading strains at concentration of 100 mg L
-

1
. Error Bars represent ± S.D of three replicates. 
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Figure 4.13:  Degradation of pesticides from different classes Pyrethroids (bifenthrin, λ-

cyhalothrin and deltamethrin), Organophosphate (chlorpyrifos) and 

Carbamate (carbofuran) by CM-degrading strains at concentration of 100 mg 

L
-1

. Error Bars represent ±S.D of three replicates. 

0

20

40

60

80

100

L
C

m
3

JC
m

1

JC
m

2

JC
m

5

JC
m

7

M
C

m
4

M
C

m
5

F
C

m
2

F
C

m
9

R
C

m
6

C
o

n
t…

P
er

ce
n
ta

g
e 

D
eg

ra
d
at

io
n

Bifenthrin

0

20

40

60

80

L
C

m
3

JC
m

1

JC
m

2

JC
m

5

JC
m

7

M
C

m
4

M
C

m
5

F
C

m
2

F
C

m
9

R
C

m
6

C
o

n
t…

P
er

ce
n
ta

g
e 

D
eg

ra
d
at

io
n

λ-Cyhalothrin

0

20

40

60

80

100

L
C

m
3

JC
m

1

JC
m

2

JC
m

5

JC
m

7

M
C

m
4

M
C

m
5

F
C

m
2

F
C

m
9

R
C

m
6

C
o

n
t…

P
er

ce
n
ta

g
e 

D
eg

ra
d
at

io
n

Deltamethrin

0

10

20

30

40

50

60

L
C

m
3

JC
m

1

JC
m

2

JC
m

5

JC
m

7

M
C

m
4

M
C

m
5

F
C

m
2

F
C

m
9

R
C

m
6

C
o

n
t…

P
er

ce
n
ta

g
e 

D
eg

ra
d

at
io

n

Chlorpyrifos

0

20

40

60

80

L
C

m
3

JC
m

1

JC
m

2

JC
m

5

JC
m

7

M
C

m
4

M
C

m
5

F
C

m
2

F
C

m
9

R
C

m
6

C
o

n
t…

P
er

ce
n
ta

g
e 

D
eg

ra
d
at

io
n

Carbofuran



Pesticide Biodegradation Studies 

 

122 
 

 

 

 

Figure 4.14: HPLC chromatograms of  triazohphos standard (a), triazophos degradation by 

A. calcoaceticus LCp9 (b) and Sphingomonas sp. LCp10 (c).     

a 

b 

c 
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Figure 4.15: HPLC chromatograms of  profenophos standard (a), profenophos degradation 

by A. calcoaceticus LCp9 (b) and Sphingomonas sp. LCp10 (c).  

 

a 

b 

c 



Pesticide Biodegradation Studies 

 

124 
 

 

 

Figure 4.16: HPLC chromatograms of cypermethrin standard (a), cypermethrin degradation 

by P.putida LCp2  (b) and Sphingomonas sp. LCp10 (c).  

  

a 

b 

c 
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Figure 4.17: HPLC chromatograms of bifenthrin standard (a) bifenthrin degradation by 

Sphingomonas sp. LCp10 (b) O. anthropai JCm1 (c).  
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b 
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Figure 4.18:  HPLC chromatograms of λ-cyhalothrin standard (a) λ-cyhalothrin degradation 

by B. cereus LCm3 (b), Rhodococcus sp. JCm5 (c) and Paracoccus sp. MCm4 

(d).  
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Figure 4.19: HPLC chromatograms of deltamethrin standard (a), deltamethrin degradation 

by B. cereus LCm3 (b) and Rhodococcus sp. JCm5 (c). 

a 

b 

c

c 



Pesticide Biodegradation Studies 

 

128 
 

  

 

 

 

Figure 4.20:  HPLC chromatograms of chlorpyrifos standard (a), chlorpyrifos degradation by 

B. cereus LCm3 (b) and Rhodococcus JCm5 (c). 
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Figure 4.21:  HPLC chromatograms of carbofuran standard (a), carbofuran degradation by  

Acinetobacter calcoaceticus LCp4 (b) and strain Rhodococcus sp. JCm5 (c). 
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DISCUSSION 

The reckless use of pesticides has resulted in loading of soil, sediments and groundwater with 

these chemical compounds, greatly impacting ecosystem and aquatic organisms (Tien et al., 

2013). Microbes in nature such as bacteria can chemically breakdown these compounds and 

use them as carbon and energy source, this process is termed as biodegradation. Studying 

pesticide degradation through bacteria in vitro is a crucial step before applying it in situ or ex 

situ and determination of degradation kinetics, optimal environmental conditions and 

substrate range are its important aspects. Experiments covered in this chapter were designed 

to study growth pattern of bacteria during CP or CM degradation and pesticide degradation 

kinetics. Moreover, the effect of environmental conditions such as pH, temperature and 

additional C sources and the potential of strains to use structurally different pesticides as 

growth substrate were also evaluated.  

Biodegradation studies in mineral salt medium have revealed that degradation of CP or CM 

by bacterial strains was growth-linked phenomenon where organisms feed on pesticides and 

grow in number and at the same time the chemical disappears at the rate that parallels the 

increase in cell number. Similar growth linked biodegradation have been observed for 

degradation of isoproturon by Sphingomonas sp. (Sorensen et al., 2001), chlorpyrifos by 

Alcaligenes faecalis and Paracoccus sp. (Yang et al., 2005; Xu et al., 2008), methyl 

parathion by Ochrobactrum sp. and Agrobacterium sp. (Qiu et al., 2007; Wang et al., 2012) 

and cypermethrin by Micrococcus sp., Serratia sp. and Azoarcus indigens (Tallur et al., 2008; 

Zhang et al., 2010; Ma et al., 2013). CP and CM degradation followed first order reaction 

therefore kinetics were calculated using first order rate equation Ct =C0 x e
_kt

. CP was 

degraded at rate of 4.9-7.9  mg L
-1

 d
-1

 while degradation rate of CM varied from 5.8 to 12.15 

mg L
-1

 d
-1

 in mineral salt medium. Cycon et al. (2009) and Chen et al. (2012a) have also 

fitted experimental data in first order reaction equation to calculate degradation kinetics of 

diazinon and cypermethrin, respectively. Maya et al. (2011) used Michaelis–Menten kinetics 

model instead, reasoning the lack of substrate inhibition and oxygen limitation during CP-

degradation by bacterial strains and calculated degradation rate (Vmax) of 7.4–12.15 mg L
-1

 d
-

1
. In this study, CP and CM-degradation rate constant (k) by bacterial strains ranged 0.099-

0.16 d
-1

 and 0.084-0.368 d
-1

, respectively. The half-life (T1/2) values of CP and CM-

degradation ranged from 4.33-8.6 days and 3.05-8.25 days, respectively. These rate constant 

(k) and half life (T1/2) vales  were comparable with values reported by Cycoń et al. (2013c) 

for CP degradation and by Chen et al. (2012a) for CM-degradation. Since kinetic 
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characteristics are dependent on microbial physiology and enviroenmental factors; these can 

be variable for same pesticide by different microbes.  

HPLC analysis of CP-degradation revealed presence of various peaks. The chromatogram of 

2nd day culture revealed presence of two peaks with RT 2.82 and 2.12. The peak with RT 

2.82 corresponded to standard TCP while other peak might represented diethylthiophosphoric 

acid (DETP), both of these compounds are primary metabolites of CP.  The formation of 

these metabolites exhibited that during metabolism CP was cleaved at O-P ester linkage to 

yield TCP and DETP. These catabolic products were further metabolized as shown by 

reduction in their peak area. The HPLC chromatograms of P. putida LCp2, S. maltophilia 

LCp5 and Sphingomonas sp. LCp10 showed consistent appearance of TCP while in 

chromatograms of other strains TCP disappeared subsequently. All CP-degrading strains 

except LCp2, LCp5 and LCp10 also utilized TCP as sole source of carbon when grown in 

TCP supplemented media. Singh et al. (2004) reported that CP-degrading Enterobacter sp. 

was able to utilize DETP as C and energy source but failed to metabolize TCP. In earlier 

studies bacterial strains degrading both CP (through ester hydrolysis) and TCP have been 

reported (Yang et al., 2005; Li et al., 2007a; Anwar et al., 2009; Lu et al., 2013). TCP is 

antimicrobial in nature and is more soluble in water and can cause widespread aquatic 

contamination, therefore, its degradation is also necessary. Cypermethrin was first 

catabolized by hydrolysis of ester linkage to yield 3-phenoxybenzaldehyde and 3-

Phenoxybenzoic acid as indicated by HPLC analysis cultures from initial days. Peaks from 

the HPLC chromatograms of later day cultures were related to protochatechuate, phenol and 

catechol. This showed that 3-PBA was later on metabolized by diphenyl ether cleavage to 

yield protochatechuate and phenol that undergo ortho-cleavage to give catechol. Metabolite 

degradation study exhibited that all CM-degrading strains were also able to degrade 3-PBA, 

and catechol. In earlier studies various bacterial strains such as Micrococcus sp, Streptomyces 

aureus, Ochrobactrum lupini, have been reported to degrade CM and its metabolites (Tallur 

et al., 2008; Chen et al., 2011a; Chen et al., 2012a).   

Addition of glucose and succinate as a supplementary C source significantly enhanced CP 

and CM degradation by most of strains by 22-35%. The glucose and succinate as immediate 

energy sources enhanced cell growth which in turn increased CP and CM degradation. 

Similar enhanced degradation of pesticide by adding carbon source has been reported in 

earlier studies (Cycon et al., 2009; Pino and Peñuela, 2011). It can also be assumed that 

organisms not only metabolized CP or CM but also co-metabolized these in the presence of 
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other C source as observed before for degradation of pesticides (Chen et al., 2012b). In 

contrast, few reports pointed out that additional C source (glucose and succinate) reduced 

degradation activity of microbes, possibly because of utilization of glucose or succinate as C 

sources in place of pesticides (Karpouzas et al., 2005; Abo-Amer, 2012). As addition of C 

source suppressed CP degradation by Enterobacter sp. for first three days and CP degradation 

started after depletion of C source (Singh et al., 2004). The degradation of pesticides was 

affected by changing the pH of media and pesticide degradation was maximum at neutral pH. 

The mild acidic (pH6) condition slightly reduced the percentage of CP (14-17%) and CM 

(10-20.8%) degradation, whereas more acidic (pH5) condition greatly reduced the CP (60-

68%) and CM (57-70%) degradation potential of microbes. Similarly the mild basic (pH8) 

condition lowered degradation of CP and CM by 5.7-10.5% and 8.6-15.45, respectively, 

while more basic (pH9) condition reduced CP (48-62%) and CM (60-66.8%) degradation to 

greater extent. The reason for reduction in pesticide degradation at lower or higher pH can be 

due to decreased activity of enzymes involved in pesticide degradation at acidic or basic 

conditions. In earlier studies Jabeen et al. (2014) and Chen et al. (2012b) reported that neutral 

pH was optimum for microbial degradation of CP and CM. Cycon et al. (2009) also reported 

that higher and lower pH significantly lowered the pesticides degradation by microbes. On 

the other side, Singh et al. (2004) found that that basic pH supports the microbial hydrolysis 

of CP. Bacterial strains exhibited potential to degrade pesticides over a range of temperature 

(20-40°C), though the degradation potential was affected negatively at higher or lower 

temperature. The highest degradation was observed at 30°C and 35°C while a 30-40% 

decrease in pesticide degradation was noted at 25°C and 40°C. The pesticide degradation 

potential of microbes was further decreased to 60-75% at 20°C. Microbial growth and 

enzymatic activities occur usually at 25-35°C and temperature range for maximum pesticide 

dissipation is 25-40°C (Chowdhury et al., 2008). Various pesticide degradation studies using 

microbes have demonstrated that 30-35°C is the optimum temperature for microbial 

degradation activity (Li et al., 2010; Zhang et al., 2011a; Chen et al., 2012b; Singh et al., 

2012; Wang et al., 2012).  

A different feature of some of bacterial strains revealed during cross feeding study was their 

ability to degrade structurally different pesticides along with various OPs or SPs, e.g., CP-

degrading strains A. calcoaceticus LCp4, P. aeruginosa LCp9, Sphingomonas sp. LCp10 A. 

xylosoxidans JCp4 and Ochrobactrum sp. FCp1 were able to degrade carbofuran and 

cypermethrin along with various OPs. CM-degrading O. anthropi JCm1 and Rhodococcus sp. 
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JCm5 and O. haematophilum JCm7  degraded various SPs as well as carbofuran and CP. The 

soil used to obtain CP-degrading bacteria had also received occasional applications of 

carbamates and pyrethroids and this could elucidate the parallel adjustment of strains to 

pesticides of different structures. Chanika et al. (2011) have reported isolation of P. putida 

that was able to hydrolyze both carbamates and pyrethroids. Wang et al. (2012) described the 

isolation of methyl parathion and p-nitrophenyl degrading Agrobacterium sp. Yw12 that also 

degraded phoxim, carbofuran, deltamethrin and atrazine. One of the possible reasons behind 

this multitasking can be presence of enzyme having extensive substrate range. For example 

bacterial phosphotriesterases in addition of hydrolyzing P-O bond in phosphotriesters can 

also hydrolyze P-S, P-F, P-CN and C-O bonds in esters and lactones (Scott et al., 2008). Lan 

et al. (2006) made an attempt to develop genetically modified organism with co-expression of 

organophosphate hydrolyzing (opd) gene and carboxylesterase gene for degradation of 

organophosphates, carbamates and synthetic pyrethroids.  
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CHAPTER 5 

BACTERIAL COMMUNITY ANALYSIS OF ENRICHMENT 

CULTURES VIA DENATURING GRADIENT GEL 

ELECTROPHORESIS 

Molecular microbial ecology utilizes molecular techniques such as terminal restriction 

fragment length polymorphism (T-RFLP), denaturing gradient gel electrophoresis (DGGE) 

and ribosomal intergenic spacer analysis (RISA) to analyze structure and species composition 

of microbial communities. DGGE is commonly used culture-independent DNA fingerprinting 

technique which employs principle of separating similar sized DNA fragments based on 

difference in melting behavior (GC content) to generate a genetic profile. Individual bands 

from this profile can be cut out and, re-amplified and sequenced for identification. Based on 

this phenomenon DGGE can be used to study microbial diversity in particular ecosystems 

such as plant rhizosphere microbial community (Teixeira et al., 2010; Doornbos et al., 2011), 

biofilm composition (Bereschenko et al., 2010; Cairns et al., 2011) or bioremediation 

assessment (Cea et al., 2010; Tien et al., 2013). For bioremediation assessment, DGGE is in 

common use to determine similarities/variation in microbial community composition among 

different samples or to examine shift in microbial community structure over time or 

following a treatment. PCR-DGGE analysis of enrichment culturing used for isolation of 

pesticide degrading microbes can be used to determine interaction among microbes and 

changes in microbial structure of communities. In previous studies enrichment culture 

methods have been combined with DGGE technique to characterize the interactions that 

occur during enrichment process among pesticide degrading bacteria (Ferreira et al., 2009b; 

Chanika et al., 2011) and to study the environmental significance of pesticide degrading 

isolates (Sorensen et al., 2001). This experiment was carried out to examine survival and 

proliferation of pesticide degrading bacteria in enrichment cultures and change in bacterial 

community composition over time following pesticide treatment. Samples taken from soil 

and enrichment cultures were processed for DNA isolation by ‘Fastprep DNA extraction 

from soil’ adapted from Yeates and Gillings (1998). V3 region of 16S ribosomal RNA gene 

was amplified using GC-341f and 518r primers. Amplified products were then run through 

DGGE and analyzed for banding patterns. Identification of individual bands was carried out 

by band excision, PCR re-amplification and partial sequence determination. Sequences were 
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searched for homology using ribosomal database project and analyzed phylogentically using 

MEGA 5.0 software.  

DGGE Analysis of Enrichment Cultures using Chlorpyrifos as Carbon Source 

Survival and proliferation of the bacterial community and change in its structure during 

enrichment using CP as sole carbon source was determined by profiling of partial 16S rRNA 

genes via DGGE. Analysis of DGGE profiles indicated substantial difference between 

enrichment cultures and soils, while comparison of control and treated cultures also revealed 

few differences (Figure. 5.1). Higher numbers of bands were present in soil as compared to 

cultures grown with and without chlorpyrifos although these bands were not distinct. More 

bands were observed in the first week profile than in the fingerprints from later weeks 

suggesting a selection for CP-resistant organisms. Three different groups of bands were 

observed in DGGE gel. First, some of the bands were present in fingerprints of all enrichment 

steps; these represented bacterial species in enrichment culture that can utilize CP as C source 

hence proliferating in CP supplemented media. Sequence analysis (Table 5.1) showed that 

these were affiliated with Pseudomonas sp. (CP2, CP6), Acinetobacter sp. (CP8), 

Novosphingobium sp. (CP13), Burkholderia sp. (CP14) and Sphingomonas sp. (CP15). A 

second group of bands were not present at initial steps but appeared in the DGGE profile of 

final enrichment steps. The corresponding organisms appeared to be favored by enrichment 

process and sequencing showed their similarity to Nitrosomonas sp. (CP3), Burkholderia sp. 

(CP9, CP20), Pseudomonas sp. (CP4, CP5), Stenotrophomonas sp. (CP16, CP18), 

Agrobacterium sp. (CP19, CP26), and Paracoccus sp. (CP27). The third group of bands 

corresponded to organisms that were present in the soil or initial enrichment step, but became 

very weak or disappeared by the final enrichment steps. Sequences of these bands showed 

similarity to Flavobacterium sp. (CP1), Bacillus sp. (CP7 and CP10), uncultured γ-

Proteobacteria (CP11), Pseudoxanthomonas sp. (CP17), Lysobacter sp. (CP21), uncultured 

bacterium (CP22, CP23) and Rhodococcus sp. (CP25).  

Sequence of most of the prominant bands in profiles of enrichment culture showed highest 

identity to CP-degrading bacterial strains isolated from same enrichment culture (Table 5.1). 

Bands CP2, CP4, CP6, and CP 27 showed 98-100% homology to bacterial strains P. 

mendocina LCp8, P. aeruginosa LCp9, P. putida LCp2, and Paracoccus sp. LCp6, 

respectively. Whereas, CP8, CP9, CP15 and CP16 showed 96-97% sequence identity to A. 

calcoaceticus LCp4, Burkholderia sp. LCp12, Sphingomonas sp. LCp10 and S. maltophilia 

LCp5, respectively. 
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Figure 5.1: 16S rDNA denaturing gradient gel electrophoresis (DGGE) analysis of bacterial 

community in Soils (Lane 1-2), control (C) and treated (T) CP-enrichment cultures. Lanes 3-

6, 7-10, 11-14 and 15-18 represent first, second, third and fourth enrichment cycles, 

respectively. Cultures were enriched in replicates (T1, T2, and T3). CP1-CP27 are bands 

excised from the gel and sequenced.  
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Table 5.1: Sequence identity of DGGE bands based on homology to 16S rRNA gene 
sequence of known bacterial strains and relative CP-degrading isolates. 

X= no isolated bacterial strain was found to have close identity with these bands. 

DGGE 

Band 

Accession 

number 
Closest Identity 

% 

Similarity 

Closely related 

Isolate 

CP1 KF559226 
Uncultured Flavobacterium sp. 

(AM934979) 
100 X 

CP2 KF559227 Pseudomonas mendocina (KC119334) 100 P. mendocina LCp8 

CP3 KF559228 Nitrosomonas ureae (FR828472) 100 X 

CP4 KF559229 Pseudomonas aeruginosa (KC119335) 100 P. aeruginosa LCp9 

CP5 KF559230 Pseudomonas (KF019106) 99 X 

CP6 KF559231 Pseudomonas putida (KC990820) 100 P. putida LCp2 

CP7 KF559232 Bacillus cereus  (AJ277908) 100 X 

CP8 KF559233 Acinetobacter sp. (KC844223) 100 A. calcoaceticus LCp4 

CP9 KF559234 Burkholderia stabilis (JX010973) 100 Burkholderia sp. 

LCp12 

CP10 KF559235 Bacillus thuringiensis (KF0122636) 100 X 

CP11 KF559236 Uncultured γ-proteobacterium (JQ919449) 100 X 

CP12 KF559237 Bacillus subtilis (KF053071) 99 X 

CP13 KF559238 Novosphingobium lentum (NR042056) 100 X 

CP14 KF559239 Burkholderia sp. (GU951460) 94 X 

CP15 KF559240 Sphingomonas sp. (AY506539) 100 
Sphingomonas sp. 

LCp10 

CP16 KF559241 
Stenotrophomonas maltophilia 

(HQ457015) 
99 S. maltophilia LCp5 

CP17 KF559242 Pseudoxanthomonas sp. (FJ555563) 100 X 

CP18 KF559243 Stenotrophomonas sp. (FM997981) 100 X 

CP19 KF559244 Agrobacterium tumifaciens (FJ81441) 100 X 

CP20 KF559245 Burkholderia sp. (HE862277) 100 X 

CP21 KF559246 Lysobacter sp. (AB245363) 99 X 

CP22 KF559247 Uncultured bacterium (JQ710720) 99 X 

CP23 KF559248 Uncultured bacterium (AB582677) 99 X 

CP24 KF559249 Rhizobium sp. (KC9004963) 100 X 

CP25 KF559250 Rhodococcus sp. (JX127245) 100 X 

CP26 KF559251 Agrobacterium sp. (JN592469) 100 X 

CP27 KF559252 Paracoccus sp. (EU725799) 100 Paracoccus sp. LCp6 
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Bands CP13, CP21 and CP26 showed homology to Nitrosomonas sp., Agrobacterium sp. and 

Novosphingobium sp., however, these organisms were not among isolated CP-degrading 

bacterial strains.  

Phylogenetic relationships of these sequences to other closely related species are presented in 

Figure. 5.2. The phylogenetic tree showed that representative isolates from most of the 

bacterial classes were present in CP-enrichment cultures. Most of the sequences belonged to 

members of the α-Proteobacteria (Novosphingobium lentum CP13, Sphingomonas sp., CP15, 

Agrobacterium sp. CP19 and CP26, Rhizobium sp. CP24 and Paracoccus sp. CP27) and γ-

Proteobacteria (Pseudomonas sp. CP2 and CP4-6, Acinetobacter sp. CP8, uncultured 

bacterium CP11, CP22 and CP23, Stenotrophomonas sp. CP16 and CP18, 

Pseudoxanthomonas sp. CP17, Lysobacter sp. CP21). Sequences of few bands showed 

affiliation with β-Proteobacteria (Nitrosomonas ureae CP3, Burkholderia sp., CP9, CP14 and 

CP20) and Firmicutes (Bacillus sp., CP7, CP10 and CP12) while sequences of two bands 

were related to Bacteroidetes (Uncultured Flavobacterium CP1) and Actinobacteria 

(Rhodococcus sp. CP27).  

Moreover, phylogenetic analysis of band sequences suggested a shift from complex bacterial 

phyla composition to less complex community during enrichment culturing. Bands sequenced 

from initial enrichment step showed affiliation with Bacteroidetes (uncultured 

Flavobacterium sp. CP1), Firmicutes (Bacillus sp. CP7, CP10 and CP12), α- Proteobacteria 

(N. lentum CP13, Sphingomonas sp. CP15 and Rhizobium sp. CP24), β- Proteobacteria 

(Burkholderia sp. CP14) γ-Proteobacteria (Pseudomonas sp. CP2 and CP6, Acinetobacter sp. 

CP8, uncultured bacterium CP11, CP22 and CP23, CP17, Lysobacter sp. CP21) and 

Actinobacteria (Rhodococcus sp. CP25). In later stages bands whose sequences belonged to 

Firmicutes, Bacteroidetes, Actinobacteria and several Proteobacteria disappeared. While 

other bands with sequences belonging to α- Proteobacteria (N. ureae CP3, Agrobacterium sp. 

CP19 and CP26 and Paracoccus CP27), β-Proteobacteria (Burkholderia sp. CP9 and CP20) 

and γ-Proteobacteria, (Pseudomonas sp. CP4 and CP5 and Stenotrophomonas sp. CP16) 

appeared. Overall, Proteobacteria (Pseudomonas sp. CP2, CP4, CP5 and CP6, N. ureae CP3, 

Acinetobacter sp. CP8, Burkholderia sp. CP9, CP14, and CP20 Novosphingobium lentum 

CP13, Sphingomonas sp. CP15, Stenotrophomonas sp. CP16 and CP18, Agrobacterium sp. 

CP19 and CP26 and Paracoccus sp. CP27) were dominant among the members survived and 

proliferated during chlorpyrifos enrichment culturing (Boxes, Figure 5.2). 



  Bacterial Community Analysis of Enrichment Cultures 

139 
 

  

 CP1

 Uncultured Flavobacterium(AM934979)

 CP11

 Uncultured Proteobacterium(JQ919449)

 Pseudomonas aeruginosa(KC119335)

 CP4

 Pseudomonas stutzeri(KC990816)

 Pseudomonas mendocina(KC119334)

 CP2

 Psedomonas sp.(KF019106)

 CP6

 Pseudomonas putida(KC990820)

 CP5

 CP8

 Acinetobacter rhizosphaerae(HE610896)

 Acinetobacter calcoaceticus(KC844223)

 Pseudoxanthomonas sp.(FJ555563)

 Xanthomonas sp.(EF027001)

 CP17

 Stenotrophomonas maltophilia(HQ457015)

 CP16

 Stenotrophomonas sp.(FM997981)

 CP18

 CP21

 Lysobacter sp.(AB245363)

 Burkholderia sp.(GU951460)

 Burkholderia stabilis(JX010973)

 CP9

 Burkholderia sp.(HE862277)

 CP14

 CP20

 CP3

 Nitrosomonas ureae(FR828472)

 CP13

 Novosphingobium lentum(NR_042056)

 CP15

 Sphingomonas sp.(AY506539)

 CP27

 Paracoccus sp.(EU725799)

 CP22

 CP23

 Uncultured bacterium(JQ710720)

 Uncultured bacterium(AB582677)

 CP19

 Agrobacterium tumifaciens(FJ81441)

 CP24

 CP26

 Agrobacterium sp.(JN592469))

 Rhizobium sp.(KC904963)

 Uncultured bacterium(HE965960)

 CP25

 Rhodococcus sp.(JX127245)

 Uncultured bacterium(KC541528)

 CP12

 Bacilllus subtilis(KF053071)

 CP10

 Bacillus thuringiensis(KF012636)

 CP7

 Bacillus cereus(AJ277908)95

43

87

91

100

100

53

51

99

100

100

100

100

100

99

99

71

64

54

70

76

55

100

29

28

25

96

89

93

85

47

55

28

21

70

76

60

85

24

94

60

26

35

66

99

65

0.02

γ-Proteobacteria 

β-Proteobacteria 

α-Proteobacteria 

Actinobacteria 

Firmicutes 

F
ig

u
r
e
 5

.2
: 

P
h
y
lo

g
en

et
ic

 a
n
al

y
si

s 
o
f 

p
ar

ti
al

 1
6
S

 r
R

N
A

 g
en

e 
(V

3
 r

eg
io

n
) 

se
q
u
en

ce
 f

ro
m

 e
x
ci

se
d
 

D
G

G
E

 b
an

d
s 

o
f 

en
ri

ch
ed

 C
P

 d
eg

ra
d
in

g
 b

ac
te

ri
al

 c
o
m

m
u
n
it

y
 t

o
 o

th
er

 r
el

at
ed

 o
rg

an
is

m
s.

 T
h
e 

tr
ee

 

w
as

 c
o
n
st

ru
ct

ed
 w

it
h
 M

E
G

A
 5

.0
 s

o
ft

w
ar

e 
p
ac

k
ag

e 
u
si

n
g
 N

ei
g
h
b
o
r-

jo
in

in
g
 a

n
al

y
si

s 
an

d
 1

0
0
0
 

re
p
li

ca
te

s 
fo

r 
b
o
o
ts

tr
ap

 a
n
al

y
si

s.
 B

ar
 0

.0
2
 r

ep
re

se
n
ts

 s
eq

u
en

ce
 d

iv
er

g
en

ce
. 

Bacteroidetes 



  Bacterial Community Analysis of Enrichment Cultures 

140 
 

DGGE Analysis of Eenrichment Cultures using Cypermethrin as Carbon Source 

Shift in microbial community structure and selection of cypermethrin degrading microbes 

during enrichment using cypermethrin as sole carbon source was determined by profiling of 

partial 16S rRNA genes via DGGE. The selected bands were re-amplified, sequenced and 

analyzed for homology to existing bacterial strains on NCBI database. MEGA 5.0 software 

was used to construct phylogenetic tree to illustrate the phylogenetic relationship of band 

sequences and their homologous sequences and to reveal the changes in bacterial phyla 

composition. 

Analysis of DGGE profiles showed significant difference between enrichment cultures and 

soils, in the meantime comparison of control and treated cultures also revealed different 

community structures (Figure 5.3). Few bands were present in soil and control samples as 

compared to treated samples; the higher number of bands in treated lanes showed that 

microbes happily used CM as growth substrate. Comparing the lanes of four enrichment steps 

revealed that most of the bands were present in profiles of all enrichment steps indicating that 

these organisms were selected at the start of enrichment and remained dominant in CM-

enriched cultures. Sequence analysis showed their homology with Chryseobacterium sp. 

(CM3), Pseudomonas sp. (CM4 and CM5), Bacillus sp. (CM6), Acinetobacter sp. (CM7), 

Sphingomonas sp. (CM11, CM12 and CM15), Stenotrophomonas sp. (CM13), Sinorhizobium 

sp. (CM16), Ochrobactrum sp. (CM18) and Rhodococcus sp. (CM20 and CM21). Bands 

CM16 and CM21 were shared by both control and treated samples, however, their intensity 

was high in treated samples showing although bacteria survived on other C source in control 

samples these were also able to utilize CM as energy source. Few bands appeared in profiles 

of later enrichment steps showing that corresponding organisms were very low in number in 

initial steps but presence of CM favored these organisms and these formed significant part of 

community at final step. Sequence homology revealed their association with Brevibacillus sp. 

(CM10), Bacillus sp. (CM8 and CM9) and Brevundimonas sp. (CM17). On the other hand, 

few bands were present in profiles of initial step but disappeared by the final enrichment 

steps. Sequences of these bands showed similarity to Flavobacterium sp. (CM1), 

Nitrosomonas sp. (CM2), Pseudoxanthomonas sp. (CM14) and Micrococcus sp. (CM19).  
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Figure 5.3: 16S rDNA denaturing gradient gel electrophoresis (DGGE) analysis of bacterial 

community in Soils (Lane 1-2), control (C) and treated (T) CM-enrichment cultures. Lanes 3-6, 

7-10, 11-14 and 15-18 represent first, second, third and fourth enrichment cycles, respectively. 

Cultures were enriched in replicates (T1, T2, and T3). CM1-CM21 are bands excised from the 

gel and sequenced. 
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Table 5.2: Sequence identity of DGGE bands based on homology to 16S rRNA sequence of 

known bacterial strains and relative CM-degrading isolates. 

X= no isolated bacterial strain was found to have close identity with these bands.  

  

DGGE 

Band 

Accession 

number 
Closest Identity 

% 

Similarity 
Closely related strains 

CM1 KJ009217 Flavobacterium sp. (KC855484) 96 X 

CM2 KJ009218 Nitrosomonas sp. (KF559228) 95 X 

CM3 KJ009219 Chryseobacterium sp. (KF371539) 100 X 

CM4 KJ009220 Pseudomonas syringae (KF735064) 99 X 

CM5 KJ009221 Pseudomonas aeruginosa 

(KF677012) 
99 P. aeruginosa JCm8 

CM6 KJ009222 Bacillus cereus (KF672748) 98 X 

CM7 KJ009223 Acinetobacter sp.(KF285978) 99 X 

CM8 KJ009224 

Bacillus cereus (FJ387129) 

Bacillus thuringiensis (KF646703) 99 X 

CM9 KJ009225 Bacillus megaterium (KF358455) 100 B. megaterium JCm2 

CM10 KJ009226 Brevibacillus parabrevis 

(KF155293) 
99 B. parabrevis JCm4 

CM11 KJ009227 Sphingomonas sp. (JX678932) 99 Sphingomonas sp. JCm3 

CM12 KJ009228 Sphingomonas sp. (KC176704) 99 X 

CM13 KJ009229 Stenotrophomonas sp. (HF585064) 98 X 

CM14 KJ009230 Pseudxanthomonas sp. (KC329828) 98 X 

CM15 KJ009231 Sphingomonas koreensis 

(KC422713) 
98 X 

CM16 KJ009232 Sinorhizobium sp. (DQ394805) 100 X 

CM17 KJ009233 
Brevundimonas sp.  (FN298270) 

Caulobacter sp. (KF596691) 
99 X 

CM18 KJ009234 Ochrobactrum sp. (KF641822) 100 
O. anthropi JCm1 

O. hematophilum JCm7 

CM19 KJ009235 Micrococcus sp. (KF554089) 96 X 

CM20 KJ009236 Rhodococcus sp. (HF790905) 97 Rhodococcus sp. JCm5 

CM21 KJ009237 Rhodococcus sp. (KF790905) 98 X 
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Bacterial strains isolated from same enrichment culture showed close identity to some of the 

prominant bands in DGGE profiles of enrichment culture (Table 5.2). Bands CM9, CM18 

and CM20 showed 97-100% similarity to B. megaterium JCm2, Rhodococcus sp. JCm5 and 

Ochrobactrum sp. JCm7, respectively. Whereas identified species level of sequences of 

bands CM5, CM10, CM11 and CM21 was similar to bacterial isolates Pseudomonas sp. 

JCm8, Brevibacillus sp. JCm4 and Sphingomonas sp. JCm3. On the other hand, bacterial 

strains affiliated with few prominent band sequences (CM7, CM13, CM16, CM17 and CM 

19) could not be isolated.  

Phylogenetic tree constructed from sequences of these bands revealed their affiliation with 

Bacteroidetes (Flavobacterium sp. CM1 and Chryseobacterium sp. CM3), α-Proteobacteria 

(Sphingomonas sp. CM11, CM12 and CM15, Sinorhizobium sp. CM16 and CM18 and 

Brevundimonas sp. CM17), β-Proteobacteria (Nitrosomonas sp. CM2), γ-Proteobacteria 

(Pseudomonas sp. CM4 and CM5, Acinetobacter sp. CM7, Stenotrophomonas sp. CM13 and 

Pseudoxanthomonas sp. CM14), Firmicutes (Brevibacillus sp. CM10 and Bacillus sp. CM6, 

CM8 and CM9) and Actinobacteria (Micrococcus sp. CM19 and Rhodococcus sp. CM20 and 

CM21). Bacterial strains representative of all these phyla were present in initial steps of CM- 

enrichment culture. While in later steps β-Proteobacteria (Nitrosomonas sp. CM2) and 

representative bacterial strains from Bacteroidetes (Flavobacterium sp. CM1), γ-

Proteobacteria (Pseudoxanthomonas sp. CM14) and Actinobacteria (Micrococcus sp. CM19) 

disappeared and few members of α-Proteobacteria (Brevundimonas sp. CM17) and 

Firmicutes (Brevibacillus sp. CM10 and Bacillus sp. CM8 and CM9) appeared. In particular, 

Phylogenetic tree illustrated that, the bacterial community structure at the end of enrichment 

comprised of most of the strains affiliated with α-proteobacteria followed by γ-proteobacteria 

and Firmicutes and few members of Actinobacteria and Bacteriodetes (Figure 5.4, bacterial 

strains in boxes). Overall, the bacterial community in CM-enriched cultures sustained its 

composition throughout enrichment duration and no drastic change or shift was 

observed in its structure.
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DISCUSSION 

Enrichment culture techniques are normally used to isolate pesticide degrading bacteria but 

they have been criticized for being partial in selection of bacteria with rapid growth rate 

whose role in in-situ bioremediation is uncertain. Culture-independent techniques such as 

genetic analyses on the basis of 16S rDNA libraries and denaturing gradient gel 

electrophoresis (DGGE) have provided a solution to this problem to study complex microbial 

populations in pesticide-contaminated environments (Tian et al., 2013). DGGE involves the 

separation of amplified PCR products of 16S rDNA fragments in polyacrylamide gels 

containing a gradually increasing gradient of chemical denaturants. Same length DNA 

fragments having different GC content can be cut out from the DGGE gels and the diversity 

of the microbial species can be examined (Yen et al., 2009). The combination of culture 

dependent and independent techniques can be used for different purposes such as determining 

the role of microbes in a consortium for pesticide degradation, analyzing the effect of 

pesticides on culturable bacteria and studying the environmental significance of pesticide 

degrading isolates (Chanika et al., 2011).   

In this study, combination of enrichment culture and PCR-DGGE was used to analyze the 

survival and proliferation of bacteria in CP or CM enriched environment and to study the 

changes in bacterial diversity during enrichment procedure. Earlier, the species composition 

of atrazine degrading bacterial consortium was determined using PCR-DGGE of enrichment 

culture (Smith et al., 2005). Similarly, Ferreira et al. (2009b) used combination of culturing 

technique and DGGE to assess the effect of a cocktail of insecticides and fungicides on 

culturable soil bacteria in agricultural and forest soil. In another study, Chanika et al. (2011) 

studied interaction of bacterial strains during fenamiphos degradation and also analyzed 

changes in bacterial diversity during enrichment procedure. More recently, Zhou et al. (2014) 

studied bacterial diversity in soil enrichment cultures of thiamethoxam along with 

determination of ecological role of thiamethoxam-degrading isolates using these techniques. 

However, no such studies have been carried out to find out the microbial interactions or 

ecological significance of CP or CM-degrading bacteria using combination of these 

techniques.  

During enrichment more complex bacterial community was observed at initial steps as 

compared to later steps. The reason behind initial complex structure can be utilization of soil 

particles by bacteria as solid substratum to attach and remain in the environment. In a 

previous study Breugelmans et al. (2007) observed considerable differences in the 
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composition of bacterial community of enrichment cultures from the same soil in the 

presence or absence of soil particles. Another reason for complex community structure can be 

that contaminant C and N source from soil allowed growth of non-degrading bacteria at 

initial steps; however, depletion of contaminant C source and selection of pesticide degraders 

in later steps replaced these bacteria. These are in line with previous findings where more 

complex community was observed in presence of additional C or N source, and exhaustion of 

these sources reduced complexity of community structure (Chanika et al., 2011).  

In both enrichments, most of the prominent bands that were selected as a result of continual 

selection pressure showed 96-100% homology to respective pesticide degrading isolates 

(Table 5.1 and Table 5.2); it confirmed that these isolates were among dominant members of 

enrichment population. These results are in line with previous findings where linuron 

degrading Variovorax strains were found to be among dominant members in bacterial 

community of enrichment cultures (Sørensen et al., 2005; Breugelmans et al., 2007). Few 

bacterial strains isolated from enrichment culture were not detected in DGGE profiles of the 

same; it could be because often microbes representing minor populations within bacterial 

community are detected in culture-dependent methods because of their rapid growth on 

culture media. Similar results were observed by Simonsen et al. (2006) who stated that 2,6-

dichlorbenzamide degrading Aminobacter strain was not the dominant member of enrichment 

culture. On the other hand, some of the microbes associated with prominant bands were not 

among the isolated CP or CM-degrading strains; this could be due to the insufficiency of used 

selection procedure which might not have adequately covered diversity of bacterial species of 

final enrichment culture. El-Fantroussi (2000) reported difficulty in isolation of Variovorax 

paradoxus that represented a dominant band in DGGE profile of enrichment culture, rather 

plating of enrichment dilutions favored isolation of Pseudomonas putida. The diversity of 

bacterial strains isolated from enrichment culture was also lower than observed in DGGE 

profiles of enrichment cultures.  

Phylogenetic tree showed a shift in microbial community composition of CP-enrichment 

culture from a complex community structure with members of Bacteroidetes, Firmicutes, 

Proteobacteria and Actinobacteria at initial steps to less complex composition with only 

members of Proteobacteria during later stages. A shift in bacterial community from complex 

structure at initial stages to simple structure in later stages was also observed by Chanika et 

al. (2011) during fenamiphos enrichment. In final stages of CM-enrichment culturing the 

bacterial community was comprised of bacteria affiliated with Proteobacteria, Firmicutes and 
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few members of Actinobacteria and Bacteriodetes (Figure 5.4, bacterial strains in boxes). 

Unlike CP-enrichment, the bacterial community in CM-enriched culture sustained its 

composition throughout enrichment duration and and no drastic change was observed in its 

structure. The alterations in soil bacterial community composition (Baxter and Cummings, 

2008; Huong et al., 2008; Ferreira et al., 2009b; Yen et al., 2009; Puglisi et al., 2012; Cycoń 

et al., 2013a; Gözdereliler et al., 2013) and plant phyllosphere (Zhang et al., 2009; Ning et 

al., 2010) after treatment with pesticides has been extensively studied using PCR-DGGE. 

However, there are not much reports describing shift in bacterial community composition 

during enrichment procedure. It was also observed that Proteobacteria were dominant among 

the members selected by CP-enrichment culturing whereas Firmicutes and Actinobacteria 

along with α and γ-Proteobacteria were dominant in CM-enrichment culture. The role of 

several Proteobacteria is established in pesticide degradation and is evident from various 

studies. Zhou et al. (2014) studied thiamethoxam degradation by enriched bacterial 

consortium and found that consortium members were related to β-Proteobacteria. In another 

study, Ning et al. (2010) reported that Proteobacteria and Bacteroidetes were involved in 

degradation of dichlorvos in rape plant phyllosphere. Smith et al. (2005) enriched a bacterial 

consortium for atrazine degradation that comprised of members from Proteobacteria, 

Bacteroidetes and Actinobacteria.  

In both cases, DGGE analysis showed considerable alteration in bacterial population structure 

during enrichment course in comparison to the original soil. Comparison of the bacterial 

profiles of soil with enrichment cultures exhibited the absence of prominent enrichment 

bands in soil DGGE profile. Various studies have demonstrated via DGGE analysis that 

pesticide-degrading strains obtained via enrichment were not present in bacterial community 

profile of the original soil used for their isolation (Bending et al., 2003; Chanika et al., 2011). 

Considering that PCR-DGGE can detect minor portion of bacterial population in total 

community (Muyzer et al., 1993) it can be assumed that these strains were present in soil in 

very small numbers that were lower than detection threshold of PCR amplification and 

DGGE analysis and their function in relative pesticide degradation is uncertain. Mobile 

genetic elements play important role in pesticide degradation (Top and Springael, 2003), that 

are transferable between bacterial strains especially under selection pressure of enrichments 

(Goris et al., 2002). For that reason, the role of acquisition of mobile genetic elements during 

enrichment culturing in survival and proliferation of isolates cannot be ruled out. 
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CHAPTER 6 

MOLECULAR ASPECTS OF PESTICIDE BIODEGRADATION 

Biodegradation routes, enzymes and genes involved in bidegradation of organic contaminants 

in the natural environment have been extensively studied to evaluate microbial potential in 

bioremediation to decrease environmental impact of pesticide residues (Bouwer and Zehnder, 

1993; Chen et al., 1999; Mishra and Lal, 2001). Studying microbial ecology, physiology and 

genetics is also crucial to recreate and accelerate natural processes in in-vitro conditions 

(Thakur, 2006). Diverse gene and enzyme systems responsible for degradation of 

Organophosphates (OPs) and synthetic pyrethroids (SPs) have been studied (Sogorb and 

Vilanova, 2002; Scott et al., 2008). Phosphotriesterases (PTEs) and Carboxylesterases (CbEs) 

catalyze the degradation of OPs and SPs, respectively, that are encoded by genes located on 

plasmids, transposons or chromosomes. In addition to degradative enzymes, pesticides can 

induce an array of enzymes for different functions such as stress proteins or porins for intake 

of molecules. The changes in protein content under pesticide stress can be studied through 

comparative proteome analysis techniques.  

The effect of CP and CM on protein content of bacterial cells when grown on CP or CM as 

sole carbon source was evaluated. The bacterial strains were grown in mineral salt medium 

supplemented with CP or CM (induced) or methanol (non-induced) and protein content was 

quantified by Bradford assay. In order to find out the presence of degradative enzymes in 

selected bacteria, enzyme assays were carried out and specific enzyme activities were 

calculated as µmoles of substrate degraded min
-1

 mg
-1

 protein. Enzyme assays were carried 

out for organophosphate hydrolase (OPH) for CP hydrolysis, and carboxylesterase (CbE), 3-

phenoxybenzoic acid dioxygenase (3-PBA diox), Phenol hydroxylase (PH) and catechol-1,2 

dioxygenase (Cat-1,2 diox) for CM degradation. Changes in protein expression of CP and 

CM-degrading bacteria strains in induced and non-induced conditions were studied using 

SDS-PAGE analysis. The genetic studies for identification of genes encoding degradative 

enzymes were also carried out; primers for opd and mpd genes were designed at conserved 

regions of already reported gene sequences. However, the pyt genes identified yet are not 

homologus to each other, therefore, primers were designed for separate genes. The amplified 

products were then sequenced, searched for homology and submitted in Genbank for 

accession numbers.   
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Bradford Assay and Enzyme Activities 

Pesticide degrading bacterial strains were grown on their respective pesticides [CP or CM 

(100 mg L
-1

)] or methanol (1% v/v) as growth substrates and difference in their cellular 

protein content was determined by Bradford assay. The results for quantification of total 

cellular protein of CP and CM-degrading bacteria are given in table 6.1 and 6.2. High protein 

content was observed in bacterial cells when grown in presence of pesticides compared to 

methanol. The protein content of CP-degrading strains ranged from 88.5 to 134.3 µg mL
-1

 in 

the absence of CP and varied from 102.6 to 162.2 µg mL
-1

 in presence of CP. P. putida 

LCp2, S. maltophilia LCp5 and Sphingomonas sp. LCp10 exhibited an increase of 13.7-15.9 

µg mL
-1

 in protein content which was comparatively lower than the increase (22.2-27.9 µg 

mL
-1

) by rest of the strains. The quantity of total protein of CM-degrading strains ranged 

from 112.-135.8 µg mL
-1 

when grown with methanol, however, when CM was used as C 

source the protein content increased upto 137-172.4 µg mL
-1

 that was about 22.8-36.6%. The 

strains O. anthropi JCm1, A. calcoaceticus MCm5, B. parabrevis FCm9 and Sphingomonas 

sp. RCm6 showed higher increase (32.7-36.6 µg mL
-1

) in protein content when grown on CM 

as compared to the increase (22.8-30.4 µg mL
-1

) by rest of the strains.  

To determine whether the degradative enzymes were inductive or constitutive, crude extract 

from bacterial cells grown in presence or absence of pesticides were used in enzyme assays. 

The washed cells were suspended in three volumes of 50 mM phosphate buffer, sonicated for 

5 mins and centrifuged at 10,000 x g for 40 min at 4
ᴏ
C. The clear supernatant was used as 

crude extract for enzyme assays. Assay mixture consisted of 4.5 mL of 50 mM phosphate 

buffer, 500 µL cell-free extract and substrates at 50 µg mL
-1

 concentration. After incubation 

at 30
ᴏ
C for 30 mins the samples were extracted and the residues were quantified by HPLC. 

The specific activities of enzymes were recorded as Units/mg protein. One Unit of enzyme is 

defined as the amount that catalyzes the conversion of one µmoles of substrate per minute.  

The specific activities recorded for chlorpyrifos degrading enzyme in induced state varied 

from 0.82 to 1.25 Units/mg protein. The maximum activity was observed for A. calcoaceticus 

LCp4, A. xylosoxidans JCp4 and Ochrobactrum sp. FCp1 that degraded 1.23, 1.25 and 1.21 

µmoles of CP min
-1

 mg
-1

 protein. The enzyme activity observed for cell free extracts from S. 

maltophilia LCp5, P. mendocina LCp8, P. aeruginosa LCp9, P. oryzihabitans MCp3 and 

Paracoccus sp. MCp4 varied from 0.88 to 1.08 µmoles min
-1

 mg
-1

 protein whereas crude 

enzyme extract from P. putida LCp2 and Sphingomonas sp. LCp10 showed minimum 

activity that was 0.75 and 0.8 µmoles min
-1

 mg
-1

 protein. The CP-degrading enzyme activities 
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observed for cultures grown with methanol (non-induced) were negligible (0.02 U/mg) 

(Table 6.1). 

Specific activity was also recorded for enzymes involved in cypermethrin degradation such as 

carboxylesterase, 3PBA dioxygenase, phenol hydroxylase and catechol-1,2 dioxygenase. Cell 

free extracts of induced cells showed high enzyme activities whereas no activities were 

shown by extracts obtained from methanol grown cells. For carboxylesterase assay the 

activities observed ranged from 0.68 to 0.911 Units/mg protein. Maximum carboxylesterase 

activity was shown by cell free extracts of Rhodococcus sp. JCm5 and Brevibacillus 

parabrevis FCm9 that hydrolyzed 0.9 and 0.911 µmoles of CM min
-1

 mg
-1

 protein. Whereas, 

cell free extract of B. cereus LCm3 exhibited lowest carboxylesterase activity (0.68 Units/mg 

protein). 3-PBA dioxygenase activity given by cell free extracts of bacterial strains ranged 

from 1.80-2.26 Units/mg protein, the maximum activity being given by B. parabrevis FCm9 

(2.26 U/mg), Rhodococcus sp. JCm5 (2.02 U/mg), Sphingomonas sp. RCm6 (1.93 U/mg) and 

A. calcoaceticus MCm5 (2.012 U/mg). No CM or 3-PBA degradation was observed with 

cell-free extracts of non-induced cells and CbE (0.04 U/mg) and 3-PBA diox (0.2 U/mg) 

activities were only trivial (Table 6.2).  

The activity recorded for phenol hydroxylase dioxygenase ranged from 3.95-4.77 units/mg 

protein. The activities of PH from B. cereus LCm3, O. haematophilum JCm7, Paracoccus sp. 

MCm4 and B. megaterium FCm2 were observed to be 3.95, 4.23, 4.3 and 4.36 Units/mg 

protein, respectively. The relatively higher PH activity was observed in strains O. anthropi 

JCm1 (4.6 U/mg) B. megaterium JCm2 (4.52 U/mg) and A. calcoaceticus MCm5 (4.6 U/mg). 

While the strains Rhodococcus sp. JCm5 (4.77 U/mg), B. parabrevis FCm9 (4.68 U/mg) and 

Sphingomonas sp. RCm6 (4.70 U/mg) gave highest PH activities. The activity recorded for 

Catechol-1,2 dioxygenase ranged from 3.05-3.62 units/mg protein. B. parabrevis FCm9, 

Rhodococcus sp. JCm5, A. calcoaceticus MCm5 and Sphingomonas sp. RCm6 exhibited 

highest Cat-1,2-diox activities. The enzyme activities for B. megaterium JCm2, O. 

haematophilum JCm7, O. anthropi JCm1 and Paracoccus sp.MCm4 was 3.4-3.42 U/mg. The 

lowest values were obtained from B. cereus LCm3 (3.05 U/mg) and B. megaterium FCm2 

(3.22 U/mg). PH and Cat-1,2-diox activities did not show up in non-induced cells  (Table 

6.2). Overall, Enzyme extract from Brevibacillus parabrevis FCm9 was most efficient in 

degrading CM and metabolites and showed highest activity for all four enzymes. Other 

strains with high enzyme activities were Rhodococcus sp. JCm5, Sphingomonas sp. RCm6 

and Acinetobacter calcoaceticus MCm5. 
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Table 6.1: Determination of total protein content and specific activity of organophosphate 

hydrolyzing (OPH) enzyme in CP-induced and non-induced cells of CP-

degrading strains. 

Strains Conditions 

Total protein 

content 

(µg mL
-1

) 

Specific activity of 

OPH (Units/mg)* 

LCp2 
Non-induced 95.2 ± 0.2 0.02

a
 

Induced 108.8 ± 0.24 0.76
b
 

LCp4 
Non-induced 134.3 ± 0.3 0.03

a
 

Induced 162.2 ± 0.14 1.23
j
 

LCp5 
Non-induced 88.6 ± 0.13 0.03

a
 

Induced 102.3 ± 0.12 0.85
d
 

LCp8 
Non-induced 105.7 ± 0.2 0.03

a
 

Induced 128.2 ± 0.2 1.08
h
 

LCp9 
Non-induced 94.1 ± 0.2 0.03

 a
 

Induced 112.6 ± 0.2 1.02
g
 

LCp10 
Non-induced 114.3 ± 0.2 0.04

a
 

Induced 130.2 ± 0.2 0.80c 

JCp4 
Non-induced 120.3 ± 0.61 0.03

 a
 

Induced 147.2 ± 0.15 1.25
k
 

MCp3 
Non-induced 105.8 ± 0.2 0.03

a
 

Induced 130.7 ± 0.2 0.97
f
 

MCp4 
Non-induced 126.3 ± 0.12 0.04

 a
 

Induced 148.5 ± 1.4 0.88
e
 

FCp1 
Non-induced 120.2 ± 0.62 0.03

 a
 

Induced 145.7 ± 0.85 1.21
i
 

*Chlorpyrifos was used as substrate in enzyme reactions at concentration of 50 µg mL
-1

 (120 µM); Enzyme 

activity was measured as µmoles of CP degraded mL
-1

 mg
-1

 protein. Values followed by different letters are 

significantly different at (P> 0.05). 
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Table 6.2: Determination of total protein content and specific activity of pyrethroid 

hydrolyzing (PytH) enzymes in CM-induced and non-induced cells of CM-

degrading strains. 

Strains Conditions 

Total protein 

content 

(µg mL
-1

) 

Specific activity of enzymes (Units/mg)* 

CbE 
3-PBA 

diox 
PH 

Cat-1,2 

diox 

LCm3 
Non-induced 114.2 ± 0.2 0.042

a
 0.2

a
 0.4

a
 0.53

a
 

Induced 137 ± 0.24 0.68
b
 1.87

bc
 3.95

b
 3.05

b
 

JCm1 
Non-induced 130.3 ± 0.3 0.06

a
 0.16

a
 0.4

a
 0.5

a
 

Induced 163 ± 0.14 0.85
f
 2.0

d
 4.6

g
 3.4

d
 

JCm2 
Non-induced 112 ± 0.13 0.04

a
 0.15

a
 0.4

a
 0.6

a
 

Induced 142.4 ± 0.12 0.857
f
 1.86

bc
 4.52

f
 3.42

d
 

JCm5 
Non-induced 126 ± 0.2 0.03

a
 0.1

a
 0.44

a
 0.5

a
 

Induced 155.2 ± 0.2 0.9
h
 2.02

d
 4.77

i
 3.5

f
 

JCm7 
Non-induced 124.6 ± 0.2 0.06

a
 0.15

a
 0.43

a
 0.5

a
 

Induced 152.2 ± 0.2 0.78
d
 1.95 4.23

c
 3.42

d
 

MCm4 
Non-induced 122 ± 0.2 0.03

a
 0.14

a
 0.36

a
 0.52

a
 

Induced 145.4 ± 0.2 0.73
c
 1.83

bc
 4.3

d
 3.4

d
 

MCm5 
Non-induced 128.5 ± 0.61 0.037

a
 0.19

cd
 0.38

a
 0.56

a
 

Induced 164.2 ± 0.15 0.85
f
 2.012

d
 4.60

g
 3.45

e
 

FCm2 
Non-induced 116 ± 0.2 0.04

a
 0.12

a
 0.4

a
 0.5

a
 

Induced 143.8 ± 0.2 0.817
e
 1.80

b
 4.36

e
 3.22

c
 

FCm9 
Non-induced 135.8 ± 0.12 0.064

a
 0.2

a
 0.42

a
 0.5

a
 

Induced 172.4 ±1.4 0.911
i
 2.26

e
 4.68

h
 3.62

g
 

RCm6 
Non-induced 121 ± 0.62 0.042

a
 0.15

a
 0.4

a
 0.57

a
 

Induced 157.5 ± 0.85 0.88
g
 1.93

cd
 4.70

h
 3.48

f
 

*Cypermethrin, 3-PBA, Phenol and catechol were used as substrates for CbE, 3-PBA diox, PH, Cat-1, 2 diox 

enzyme activity, respectively at concentration of 50 µg mL
-1

 (120 µM); Enzyme activity was measured as 

µmoles of substrate degraded mL
-1

 mg
-1

 protein. Values in same column followed by different letters are 

significantly different at (P> 0.05). 
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Protein Profiles of Induced and Non-induced Cells 

The expression of different proteins of bacterial cells grown with pesticide (CP or CM) 

(treated) or methanol (control) was studied using SDS-PAGE analysis. Bacterial strains were 

grown with different carbon sources for 72 hours, cells were centrifuged, washed twice and 

boiled with sample buffer at 85ºC for 10 minutes, centrifuged again and 10-15 µL 

supernatant was loaded in 12% polyacrylamide gels. Electrophoresis was conducted at 15 

mA for one and half hour and gels were stained with Coomassie Blue stain for 30 mins and 

de-stained overnight with 1% Acetic acid solution. Gel images were captured with Samsung 

WB150F and analyzed for differences in banding patterns. Protein profiles showed 

differences of few bands between induced and non-induced cells that were either in the form 

of appearance or fading out of few bands or enhanced or reduced expression of other 

proteins. 

Among CP-degraders most prominent difference was de novo appearance of a polypeptide of 

~35 kDa in profile of CP-induced cells. Other changes included enhanced or reduced 

expression and complete inhibition of other proteins in induced cell’s profiles (Figure 6.1).  

Protein profiles of strains Pseudomonas putida LCp2, Pseudomonas medocina LCp8 and 

Achromobacter xylosoxidans JCp4 showed induced synthesis of a ~35 kDa protein while two 

polypeptides of ~80 and 20 kDa were inhibited and two bands of ~42 and 20 kDa showed 

enhanced expression in CP-treated cells. In profiles of Acinetobacter calcoaceticus LCp4 

induction of four proteins (mol mass ~85, 70, 35 and 23.5 kDa), inhibition of two proteins 

(mol mass ~21, 25 kDa) and increased expression of four polypeptides (mol mass ~50, 48, 45 

and 40) was observed in treated cells. CP treatment induced synthesis of four polypeptides 

(mol mass ~68, 40, 35 and 30 kDa) in strains Stenotrophomonas maltophilia LCp5, 

Pseudomonas aeruginosa LCp9 and Ochrobactrum sp. FCp1, meanwhile it inhibited the 

production of two polypeptides (mol mass ~25 and 22 kDa) and reduced the expression of 

four proteins (mol mass ~152, 62, 42 and 40 kDa). Induced expression of ~35 kDa protein, 

inhibition of ~42 kDa protein and up-regulation of two polypeptides (mol mass ~72 and 45 

kDa) was observed in treated cells of Pseudomonas oryzihabitans MCp3. Induced cells of 

Paracoccus sp. MCp4 revealed appearance of four polypeptides (mol mass ~90, 60, 48 and 

35 kDa) proteins and increased expression of eight polypeptides (mol mass ~115, 110, 78, 52, 
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50, 45, 42 and 38 kDa) compared to non-induced cells. Finally, differences observed for 

Sphingomonas sp. LCp10 treated and non treated cells comprised of four induced protein 

(mol mass ~56, 55, 35 and 25 kDa) proteins, inhibition of a ~54 kDa protein and enhanced 

expression of five polypeptides (mol mass ~140, 48, 45, 40 and 38 kDa) (Figure 6.1).  

Among CM-degraders the most obvious difference was the overall enhanced expression of 

proteins and appearance of a set of de novo proteins in induced cells. Inhibition and reduced 

expression of certain proteins was also observed (Figure 6.2). Protein profiles of 

Acinetobacter calcoaceticus MCm5 revealed that CM induced the synthesis of six proteins 

(mol mass ~ 35, 27, 20, 18, 17 and 10 kDa), inhibited the expression of two polypeptides 

(mol mass ~25 and 21 kDa) and increased the expression of eight polypeptides (mol mass 

~190, 42, 40, 25, 17, 15, 14 and 12). In protein profiles of CM-induced cells of Bacillus 

cereus LCm3, Bacillus megaterium JCm2, Bacillus megaterium FCm2 and Brevibacillus 

parabrevis FCm9 appearance of six new polypeptides (mol mass ~ 38, 32, 20, 18, 15.5 and 

10 kDa), inhibition of two proteins (mol mass ~80 and 20 kDa) and enhanced expression of 

two proteins (mol mass ~42 and 27) was noted. Sphingomonas sp. RCm6 protein profiles 

showed difference of seventeen proteins between treated and non treated cells. The synthesis 

of six polypeptides (mol mass ~35, 33, 32, 20, 19, and 11 kDa) was induced in presence of 

CM, whereas one polypeptide (~40 kDa) was inhibited and ten proteins exhibited enhanced 

expression (mol mass ~190, 80, 50, 42, 40, 25, 17, 16, 14, 12 kDa). The differences observed 

in profiles of CM-free and CM grown cells of strains Rhodococcus sp. JCm5 and Paracoccus 

sp. MCm4 were of expression of five proteins (mol mass ~ 37, 35, 20, 17.5, and 12.5 kDa), 

inhibition of two proteins of ~120 and 48 kDa and enhanced expression of seven proteins of 

mol mass ~45, 27, 22, 19, 18, 17 and 16 kDa in induced cells. Protein profiles of treated cells 

of Ochrobactrum anthropi JCm1 and Ochrobactrum haematophilum JCm7 exhibited induced 

synthesis of six proteins (mol mass ~50, 30, 28, 20, 18 and 12.5 kDa), enhanced expression 

of four proteins (mol mass ~45, 35, 17 and 16)  and reduced expression of  three proteins of 

~80, 40 and 23 kDa molecular mass (Figure 6.2).  
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Figure 6.1: SDS-PAGE analysis of difference in expression of cellular proteins on 

incubation with 1% methanol (control) or 100 mg L
-1

CP (treated) as growth 

substrates. Lanes: M = marker; T= treated; C= control. Symbols: (Arrow) 

inductively expressed protein in treated cells; (Triangles) inhibited proteins in 

treated lanes; (Diamond) up-regulated protein in treated lanes; (circle) under 

regulated protein in treated lanes.   
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Figure 6.2:  SDS-PAGE analysis of difference in expression of cellular proteins on 

incubation with 1% methanol (control) or 100 mg L
-1

CM (treated) as growth 

substrates. Lanes: M = marker; T= treated; C= control. Symbols: (Arrow) 

inductively expressed protein in treated cells; (Triangles) inhibited proteins in 

treated lanes; (Diamond) up-regulated protein in treated lanes; (circle) under 

regulated protein in treated lanes.  



  Molecular Aspects of Pesticide Biodegradation 

157 
 

Amplification of OPs and SPs Hydrolyzing Genes from Bacterial Strains 

The isolated bacterial strains were analyzed for the presence of genes encoding pesticide 

degrading enzymes. Primers for opd and mpd genes were used to amplify OP hydrolyzing 

genes from CP-degrading bacterial strains. Amplification was observed in all CP-degrading 

strains with both set of primers for mpd gene resulting in product size of 365 bp and 900 bp, 

respectively (Table6.3, Figure 6.3). However, no amplification was observed with opd gene 

primers in any strains (Table 6.3). Amplified mpd gene product from strains A. calcoaceticus 

LCp4, P. mendocina LCp8, P. oryzihabitans MCp3, A. xylosoxidans JCp4, and 

Ochrobactrum sp. FCp1 was purified and sequenced. Resulted sequences were searched for 

homology using NCBI nblast and were found to have close identity (97-99%) to the reported 

mpd genes (Table 6.4).  Separate primers were designed for two different pyt genes (pytZ and 

pytH) as no homologus sequences have been reported yet for pyrethroid hydrolyzing 

enzymes. Even so, both of these primer sets (pytZ and pytH) failed to amplify any gene 

product.  

Table 6.3: Primers designed for the detection of mpd, opd and pyt genes and amplification 

results.  

Gene Primer Sequence 
Product 

size 

Amplification 

success 

mpd 

mpd-f292 ACC GGT TAC CTC GTC AAC AC 
365 bp 

 

mpd-r648 CGA GRA AGG CTT GAA CTT GC  

mpd-f109 GCA CCG CAG GTG CGC ACC TCG 
~900 bp 

 

mpd-f993 CTT GGG GTT GAC GAC CG  

opd 

opd-f74 TYG TCG ATG TGT CGA CTT TC 
397 bp 

 

opd-r471 TGA CCR ATA CAA ACC CGT GA  

opd-f119 TGC GCG GTC CTA TCA CAA TC 
~800 bp 

 

opd-r897 ACC CGA ACA GCC AGT CAT TC  

pyt 

pytZ-f TCA AAC CTA TGA GCA CCG G 
541 bp 

 

pytZ-r GCC AGA CAA GCT CGA CAT C  

pytH-f GGA TGA AAT GTT CGG CAG GC 
355 bp 

 

pytH-r ATG GAG CAT TAT ACC CGC CC  

Sequences of genes were retrieved from NCBI database and primers were designed at conserved regions for 

mpd and opd genes. However no homology was available for pytZ and pytH genes so primers were designed for 

individual genes.  
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Figure 6.3: Agarose gel showing amplified products of mpd gene (a) ~365 bp product (b) 

~900 bp product by Acinetobacter calcoaceticus LCp4, Pseudomonas 

aeruginosa LCp9, Achromobacter xylosoxidans JCp4, Pseudomonas 

oryzihabitans MCp3 and Ochrobactrum sp. FCp1. Acinetobacter calcoaceticus

MCm5 was used as non-CP degrading control and no mpd gene was amplified 

from it. 

  

a 

b 
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Gene Sequences of mpd Gene Amplified from CP-degrading Strains 

>Acinetobacter calcoaceticus LCp4 mpd gene 

CCACCGCCCGCGCCGCGGCACCGCAGGTGCGCACCTCGGCCCCCGGCTACTACCGGATG

CTGCTCGGCGACTTCGAAATCACCGCGCTGTCGGACGGCACGGTCGCGCTGCCGGTCGAC

AAGCGGCTGAACCAGCCGGCCCCGAAGACGCAGAGCGCGCTGGCCAAGACCTTCCAGAA

AGCGCCGCTCGAAACCTCGGTCACCGGTTACCTCGTCAACACCGGCTCCAAGCTGGTGCT

GGTGGACACCGGCGCGGCCGCCCTGTTCGGCCCCACGCTGGGCCGCCTGGCGGCCAACC

TCAAGGCCGCAGGCTATCAGCCCGAGCAGGTGGACGAGATCTACATCACCCACATGCAC

CCCGACCACGTGGGCGGGTTGATGGTGGGTGAGCAGCTGGCGTTCCCGAACGCGGTGGT

GCGTGCGGACCAGAAAGAGGCCGATTTCTGGCTCAGCCAGACCAACCTCGACAAGGCCC

CGGACGACGAGAGCAAAGGCTTCTTCAAAGGCGCCATGGCCTCGCTGAACCCCTAAGTG

AACGCCGGCAAGTTCAAGCCTTTCTCGGGGAACACCGACCTGGTGCCCGGCATCAAAGC

GCTGGCCAGCCACGGCCACACCCCGGGCCACACCACCTACGTGGTCGAAAGCCAGGGGC

AAAAGCTCGCCCTGCTCGGCGACCTGATACTCGTCGCCGCGGTGCAGTTCGACGACCCCA

GCGTCACGATCCAGCTCGTCAGCGACAGCAAGTCCGTCGCGGTGGAGCGCAAGAAGGCC

TTCGCGGATGCCGCCAAGGGCGGCTACTTGATCGCGGCGTCCCACCTGTCGTTCCCCGGC

ATCGGCCACATCCGCGCCGAAGGCAAGGGCTACCGTTTCGTGCCGGTGAACTACTCGGTC

GTCAACCCCAAGTGA 

>Pseudomonas mendocina LCp8 mpd gene 

CCACCGCCCGCGCCGCGGCACCGCAGGTGCGCACCTCGGCCCCCGGCTACTACCGGATG

CTGCTCGGCGACTTCGAAATCACCGCGCTGTCGGACGGCACGGTCGCGCTGCCGGTCGAC

AAGCGGCTGAACCAGCCGGCCCCGAAGACGCAGAGCGCGCTGGCCAAGACCTTCCAGAA

AGCGCCGCTCGAAACCTCGGTCACCGGTTACCTCGTCAACACCGGCTCCAAGCTGGTGCT

GGTGGACACCGGCGCGGCCGCCCTGTTCGGCCCCACGCTGGGCCGCCTGGCGGCCAACC

TCAAGGCCGCAGGCTATCAGCCCGAGCAGGTGGACGAGATCTACATCACCCACATGCAC

CCCGACCACGTGGGCGGGTTGATGGTGGGTGAGCAGCTGGCGTTCCCGAACGCGGTGGT

GCGTGCGGACCAGAAAGAGGCCGATTTCTGGCTCAGCCAGACCAACCTCGACAAGGCCC

CGGACGACGAGAGCAAAGGCTTCTTCAAAGGCGCCATGGCCTCGCTGAACCCCTAAGTG

AACGCCGGCAAGTTCAAGCCTTTCTCGGGGAACACCGACCTGGTGCCCGGCATCAAAGC

GCTGGCCAGCCACGGCCACACCCCGGGCCACACCACCTACGTGGTCGAAAGCCAGGGGC

AAAAGCTCGCCCTGCTCGGCGACCTGATACTCGTCGCCGCGGTGCAGTTCGACGACCCCA

GCGTCACGATCCAGCTCGTCAGCGACAGCAAGTCCGTCGCGGTGGAGCGCAAGAAGGCC

TTCGCGGATGCCGCCAAGGGCGGCTACTTGATCGCGGCGTCCCACCTGTCGTTCCCCGGC

ATCGGCCACATCCGCGCCGAAGGCAAGGGCTACCGTTTCGTGCCGGTGAACTACTCGGTC

GTCAACCCCAAGTGA 

>Achromobacter xylooxidans JCp4 mpd gene 

AATACCCACCGCCCGCGCCGCGGCACCGCAGGTGCGCACCTCGGCCCCCGGCTACTACC

GGATGCTGCTGGGCGACTTCGAAATCACCGCGCTGTCGGACGGCACGGTGGCGCTGCCG

GTCGACAAGCGGCTGAACCAGCCGGCCCCGAAGACGCAGAGCGCGCTGGCCAAGACCTT

CCAGAAAGCGCCGCTCGAAACCTCGGTCACCGGTTACCTCGTCAACACCGGCTCCAAGCT

GGTGCTGGTGGACACCGGCGCGGCCGCCCTGTTCGGCCCCACGCTGGGCCGCCTGGCGG

CCAACCTCAAGGCCGCAGGCTATCAGCCCGAGCAGGTGGACGAGATCTACATCACCCAC

ATGCACCCCGACCACGTGGGCGGCTTGATGGTGGGTGAGCAGCTGGCGTTCCCGAACGC
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GGTGGTGCGTGCGGACCAGAAAGAGGCCGATTTCTGGCTCAGCCAGACCAACCTCGACA

AGGCCCCGGACGACGAGAGCAAAGGCTTCTTCAAAGGCGCCATGGCCTCGCTGAACCCC

TAAGTGAACGCCGGCAAGTTCAAGCCTTTCTCGGGGAACACCGACCTGGTGCCCGGCAT

CAAAGCGCTGGCCAGCCACGGCCACACCCCGGGCCACACCACCTACGTGGTCGAAAGCC

AGGGGCAAAAGCTCGCCCTGCTCGGCGACCTGATACTCGTCGCCGCGGTGCAGTTCGAC

GACCCCAGCGTCACGATCCAGCTCGTCAGCGACAGCAAGTCCGTCGCGGTGGAGCGCAA

GAAGGCCTTCGCGGATGCCGCCAAGGGCGGCTACTTGATCGCGGCGTCCCACCTGTCGTT

CCCCGGCATCGGCCACATCCGCGCCGAAGGCAAGGGCTACCGTTTCGTGCCGGTGAACT

ACTCGGTCGTCAACCCCAAGTGA 

>Pseudomonas oryzihabitans MCp3 mpd gene 

AATACCCACCGCCCGCGCCGCGGCACCGCAGGTGCGCACCTCGGCCCCCGGCTACTACC

GGATGCTGCTGGGCGACTTCGAAATCACCGCGCTGTCGGACGGCACGGTGGCGCTGCCG

GTCGACAAGCGGCTGAACCAGCCGGCCCCGAAGACGCAGAGCGCGCTGGCCAAGACCTT

CCAGAAAGCGCCGCTCGAAACCTCGGTCACCGGTTACCTCGTCAACACCGGCTCCAAGCT

GGTGCTGGTGGACACCGGCGCGGCCGCCCTGTTCGGCCCCACGCTGGGCCGCCTGGCGG

CCAACCTCAAGGCCGCAGGCTATCAGCCCGAGCAGGTGGACGAGATCTACATCACCCAC

ATGCACCCCGACCACGTGGGCGGCTTGATGGTGGGTGAGCAGCTGGCGTTCCCGAACGC

GGTGGTGCGTGCGGACCAGAAAGAGGCCGATTTCTGGCTCAGCCAGACCAACCTCGACA

AGGCCCCGGACGACGAGAGCAAAGGCTTCTTCAAAGGCGCCATGGCCTCGCTGAACCCC

TAAGTGAACGCCGGCAAGTTCAAGCCTTTCTCGGGGAACACCGACCTGGTGCCCGGCAT

CAAAGCGCTGGCCAGCCACGGCCACACCCCGGGCCACACCACCTACGTGGTCGAAAGCC

AGGGGCAAAAGCTCGCCCTGCTCGGCGACCTGATACTCGTCGCCGCGGTGCAGTTCGAC

GACCCCAGCGTCACGATCCAGCTCGTCAGCGACAGCAAGTCCGTCGCGGTGGAGCGCAA

GAAGGCCTTCGCGGATGCCGCCAAGGGCGGCTACTTGATCGCGGCGTCCCACCTGTCGTT

CCCCGGCATCGGCCACATCCGCGCCGAAGGCAAGGGCTACCGTTTCGTGCCGGTGAACT

ACTCGGTCGTCAACCCCAAGTGA 

>Ochrobactrum sp. FCp1 mpd gene 

CACTCCCACCGCCCGCGCCGCCGCACCGCAGGTGCGCACCTCGGCCCCCGGCTACTACCG

GATGCTGCTGGGCGACTTCGAAATCACCGCGCTGTCGGACGGCACGGTGGCGCTGCCGG

TCGACAAGCGGCTGAACCAGCCGGCCCCGAAGACGCAGAGCGCGCTGGCCAAGACCTTC

CAGAAAGCGCCGCTCGAAACCTCGGTCACCGGTTACCTCGTCAACACCGGCTCCAAGCT

GGTGCTGGTGGACACCGGCGCGGCCGCCCTGTTCGGCCCCACGCTGGGCCGCCTGGCGG

CCAACCTCAAGGCCGCAGGCTATCAGCCCGAGCAGGTGGACGAGATCTACATCACCCAC

ATGCACCCCGACCACGTGGGCGGCTTGATGGTGGGTGAGCAGCTGGCGTTCCCGAACGC

GGTGGTGCGTGCGGACCAGAAAGAGGCCGATTTCTGGCTCAGCCAGACCAACCTCGACA

AGGCCCCGGACGACGAGAGCAAAGGCTTCTTCAAAGGCGCCATGGCCTCGCTGAACCCC

TAAGTGAACGCCGGCAAGTTCAAGCCTTTCTCGGGGAACACCGACCTGGTGCCCGGCAT

CAAAGCGCTGGCCAGCCACGGCCACACCCCGGGCCACACCACCTACGTGGTCGAAAGCC

AGGGGCAAAAGCTCGCCCTGCTCGGCGACCTGATACTCGTCGCCGCGGTGCAGTTCGAC

GACCCCAGCGTCACGATCCAGCTCGTCAGCGACAGCAAGTCCGTCGCGGTGGAGCGCAA

GAAGGCCTTCGCGGATGCCGCCAAGGGCGGCTACTTGATCGCGGCGTCCCACCTGTCGTT

CCCCGGCATCGGCCACATCCGCGCCGAAGGCAAGGGCTACCGTTTCGTGCCGGTGAACT

ACTCGGTCGTCAACCCCAAGTGA  
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In the phylogenetic tree constructed from sequences of amplified mpd gene and homologus 

genes the amplified products formed a separate cluster though the branch information showed 

99% relatedness. Among the amplified gene products cluster 3 groups were observed. mpd 

genes from A. xylosoxidans JCp4 and P. oryzihabitans MCp3 were homologus to each other 

and were more closely related to Ochrobactrum sp. FCp1 than mpd genes from A. 

calcoaceticus LCp4, P. mendocina LCp8 (Figure 6.4). 

 

 

Figure 6.4: Phylogenetic tree based on methyl-parathion degrading (mpd) gene sequences 

from CP-degrading bacterial isolates and homologus gene sequences from 

database. The tree was constructed with MEGA 5.0 software package using 

Neighbor-joining analysis and 1000 replicates for bootstrap analysis. Bar 0.002 

represents sequence divergence. 
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DISCUSSION 

Selective pressure induced by wide variety of chemicals and recalcitrant compounds on 

bacteria have resulted in evolution of novel catabolic pathways and enzymes capable of 

degrading these compounds (Lorenzo De, 2001). Indigenous microbes of pesticide rich 

environments have developed various degradative enzymes such as oxidoreductases, 

monooxygenases and cytochrome P450 oxidoreductases (CYP)  (Scott et al., 2008). 

phosphotriesterases and carboxylesterases that belong to hydrolase class are responsible for 

OPs and SPs degradation, respectively.  This part of study was designed to analyze molecular 

basis of isolated strains for degradation of CP and CM that involved enzyme assays, 

quantification of total protein, comparative proteome analysis and amplification of respective 

genes.  

Quantification of total protein content revealed that pesticide treated cells had high protein 

content than control cells that were grown with methanol. CP-degrading strains when grown 

on CP as C source yielded 14.5-23.5% high protein content compared to methanol growing 

cells, the highest increase was observed for P. oryzihabitans MCp3 (23.5%), A. xylosoxidans 

JCp4 (22.3), P. mendocina LCp8 (21.2%) and Ochrobactrum sp. FCp1 (21.2%). An increase 

of 20.9-31.4% was observed in protein content of CM-degrading bacterial cultures compared 

to when grown on methanol. The higher increase in protein yield was observed for B. 

parabrevis FCm9 (36.6%), Sphingomonas sp. RCm6 (36.5%), A. calcoaceticus MCm5 

(35.7%) and O. anthropi JCm1 (32.7%). It suggested that microbes possess efficient catabolic 

pathways and enzymes to use pesticides as C and N source that ultimately resulted in 

increased microbial growth and protein content in presence of these compounds.  

Overall the enzyme assays concluded that enzymes for CP or CM utilization were inducible 

and showed activity upon exposure to these pesticides. Li et al. (2007a) and Tallur et al. 

(2008) have also reported that enzymes involved in CP and CM-degradation pathway were 

inducible. Specific activities recorded for CP-hydrolyzing enzymes in induced cells ranged 

from 0.82 to 1.25 Umg
-1 

protein. Highest OPH activity was observed in A. xylosoxidans JCp4 

(1.25 Umg
-1

) followed by A. calcoaceticus (1.23 Umg
-1

) and Ochrobactrum sp. FCp1 (1.21 

Umg
-1

). Sasikala et al. (2012) isolated four CP-degrading bacteria and studied OP-hydrolase 

activity in CP-induced and non-induced cells. In their study, P. aeruginosa, P. putida and 

Klebsiella sp. showed OP-hydrolase activity of ~0.13 U mL
-1

 min 
-1 

while P. stutzeri showed 

0.085 U mL
-1

 min 
-1

 enzyme activity. In another report OP-hydrolyzing enzyme from 

Burkholderia cepacia showed specific activity of 2.03 U/mg protein in crude enzyme extract 
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(Ekkhunnatham et al., 2012). Li et al. (2007a) isolated CP degrading enzyme (MPH) from 

Sphingomonas sp. Dsp-2 that degraded CP at rate of 2.2 µmoles ml
-1

 mg
-1

 protein. Specific 

activities of enzymes involved in CM-degradation from different strains varied from 0.68-

0.911 U mg
-1

 protein for CbE, 1.80-2.26 U mg
-1

 protein for 3-PBA diox, 3.95-4.77 U mg
-1

 

protein for PH and 3.05-3.62 U mg
-1

 protein for Cat-1,2 diox. The specific activities of these 

enzymes are higher than reported earlier by Tallur et al. (2008), who found that specific 

activities for CbE, 3-PBA diox, PH and Cat-1,2 diox were 0.1, 0.341, 0.514, and 0.678 U mg
-

1
, respectively. Guo et al. (2009) purified pyrethroid hydrolase (PytH) enzyme from 

Sphingomonas sp. that showed specific activity of 0.39 U mg
-1

 protein in cell-free extract. In 

other studies PytH was expressed after cloning that showed relatively high specific activities. 

For example, Pyrethroid hydrolyzing esterase (EstP) from Klebsiella sp. demonstrated 

specific activity of 9.8 U mg
-1

 protein against CM (Wu et al., 2006). In another study, PytZ 

enzyme from Ochrobactrum anthropi when expressed in E. coli degraded ~105 µmoles of 

CM min
-1 

mg
-1

 protein (Zhai et al., 2012). However, these studies had not reported specific 

activities of enzymes that were responsible for CM-metabolites degradation.  

Comparative proteome analysis of pesticide-treated and non-treated cells revealed interesting 

results such as induced expression or inhibition and enhanced or reduced expression of some 

proteins. Among the different bands some corresponded to pesticide hydrolases and others 

may relate to changes in membrane structure for uptake of molecules or stress response 

proteins. The appearance of ~35 kDa band in CP-induced cells might correspond to OP 

degrading hydrolase (OPH). An OPH named methyl parathion dehydrogenase (MPD) of 

molecular mass 35 kDa has been identified from various OP degrading bacteria (Fu et al., 

2004; Li et al., 2007a). A set of de novo induced proteins were observed in whole-cell protein 

profiles of CM induced bacteria. Some of these polypeptides such as ~35, 32, 30, 20, 18, 12.5 

and 10 kDa were common among different strains. These induced proteins might correspond 

to enzymes responsible for cypermethrin and metabolite degradation. Studies regarding CM-

degradation describes only the purification and structural elucidation of pyrethroid 

hydrolases, such as PytZ (25 kDa) from Ochrobactrum anthropi YZ-1 (Zhai et al., 2012), 

PytH (31kDa) from Sphingobiupm JZ-2 (Guo et al., 2009) and sys410 (30.8 kDa) isolated 

through metagenomic approach. However, phenol hydroxylase (41 kDa) and catechol-1, 2- 

dioxygenase (34 kDa) have been studied for phenol degradation and appear to be in range of 

30-40 kDa (Ehrt et al., 1995; Kirchner et al., 2003).  Little information is available regarding 

proteome expression profiling of pesticide degrading microbes. Wang et al. (2008) studied 
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protein expression in butachlor degrading Pseudomonas sp. and identified up-regulated 

proteins as hydrolases and oxidoreductases involved in butachlor degradation using 2-DE and 

MALDI-TOF. The induced and up-regulated proteins can also indicate stress related proteins. 

As reported by Wang et al. (2005), that pesticides can also exert abiotic stress and start 

cellular regulatory processes by induction of proteins guanosine 3’,5’-(bis) pyrophosphate 

(ppGpp) and guanosine 3’-diphosphate 5’-triphosphate (pppGpp) which modulate stress 

response and can also regulate pesticide metabolic process. Recently, a study has been 

conducted to evaluate the stress response to organophosphate dichlorvos in fungus 

Trichoderma atroviride (biocontrol agent) using proteomic approach by Tang et al. (2010). 

They found that differentially expressed proteins were related to stress response, metabolism, 

transport and signal transduction. Yet there is not enough work related to regulatory response 

of bacteria to pesticide stress, therefore, detailed studies are needed to analyze response of 

microbial cells to pesticide induction using state of the art proteomic techniques.  

The key gene involved in CP-degradation in isolated strains was homologus to mpd gene. At 

first, mpd gene was identified in Plesiomonas M6 for degradation of methyl parathion which 

was chromosome based (Fu et al., 2004). However, Liu et al. (2005) reported isolation of 

plasmid based mpd gene in Pseudomonas WBC-3 that was able to degrade methyl parathion 

and p-nitrophenol. mpd gene has also been reported in other diverse genera such as 

Burkholderia FDS-1 (Zhang et al., 2006), Ochrobactrum tritici and Achromobacter 

xylosoxidans (Zhang et al., 2005). The presence of mpd gene in CP-degrading bacteria has 

been reported for Stenotrophomonas sp. YC-1 (Yang et al., 2006) and Sphingomonas sp. 

Dsp-2 (Li et al., 2007a). Gene isolated from CP-degrading isolates was 97-99% similar to 

existing mpd genes. mpd gene has been highly conserved, however, few mutation have been 

reported which can lead to amino acid substitutions at protein level that might indicate 

variation in substrate specificity. A 700 fold increase in CP-hydrolysis by wild-type OPH was 

noted by slight substitutions in amino acids (Cho et al., 2004). The failure to amplify 

pyrethroid hydrolase gene from selected isolates could be due to absence of genes with the 

same sequences used to construct primers. Uptill now, pyrethroid hydrolase genes have been 

studied only in Chinese region and those genes too had not shown any sequence similarity. It 

might be suggested that CM-degrading enzymes is encoded by genes with different 

sequences in region covered in this study and further studies using higher genomic and 

proteomic techniques to uncover these enzymes are needed.  
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CHAPTER 7 

APPLIED BIOREMEDIATION 

Bioremediation strategies focus on enhancing existent but slow biodegradation processes in 

nature that brings chemicals in contact with microbes and accelerates transformation. 

Degradation of xenobiotics by microbes in nature is a strategy for their own survival. 

However, changes can be made to enhance microbial degradation of pesticides at a fast rate 

in narrow time limit. By applying bioremediation, toxic chemicals can be destroyed in soils, 

ground-water, wastewater, sludges and industrial wastewater systems. Efficient bacterial 

strain with adequate biodegradation rate is required to develop a successful bioremediation 

technique. In turn, the pace of pesticide biodegradation depends on pesticide availability to 

microbes, survival and propagation of microbes utilizing pesticides at polluted site and 

sustainable population of these microbes (Singh, 2008). Different bioremediation techniques 

have been adapted in various studies to degrade pesticides. For example, Fogg et al. (2003) 

constructed biobed using soil, compost and wheat straw for efficient removal of high amounts 

of mixture of pesticides from tank and sprayer washing. Similarly, various studies have 

reported the use of soil microbes to increase pesticide degradation in agricultural soils 

recurrently exposed to this pesticide. For example, Agrobacterium radiobacter was used for 

the bioremediation of atrazine contaminated soils (Struthers et al., 1998). Karpouzas et al. 

(2005) used Sphingmonas paucimobilis for degradation of cadusafos and ethoprophos in 

contaminated soils. In other studies soils were bioaugmented with bacterial strains for 

degradation of endosulfan (Kumar et al., 2008), lindane (Benimeli et al., 2008), chlorpyrifos 

(Liang et al., 2011; Sasikala et al., 2012), cypermethrin (Chen et al., 2012a) and fenamiphos 

(Chanika et al., 2011).  

Pesticide degrading bacteria from soil can also have multifarious abilities such as 

phytohormone production, mineral solubilization and N2-fixation which are helpful in plant 

growth promotion (Chakraborty et al., 2013). Indole acetic acid (IAA) is the most abundant 

naturally occurring auxin (phytohormone) produced by bacteria that can elicit physiological 

response in plants (Ali et al., 2009). Bacteria can also produce phytase or organic acids which 

converts phosphorus to soluble forms for plant uptake (Hariprasad and Niranjana, 2009). 

Based on these diverse biological characteristics, such isolates offer incredible agronomic and 

environmental impact. Potential of microbes to detoxify pollutants and enhance plant growth 
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concurrently has been studied before (Bano and Musarrat, 2004; Wani et al., 2007; Zhou et 

al., 2014).  

This chapter was designed to determine the bioremediation potential of selected bacterial 

strains in sterilized and non-sterilized soil with native microbes. Soils were spiked with CP or 

CM (200 mgkg
-1

) and inoculated with 1.6 x 10
7
 cfu g

-1
 of respective bacterial strains. 

Biodegradation procedure was followed for 6 weeks and concentration of pesticide residues 

was estimated by HPLC at interval of 7 days. The degradation kinetics were calculated by 

using first order rate equation. Other experimental setup involved determination of IAA and 

NH3 production and phosphate solubilization and effect of pesticide on these traits. The 

ability of bacterial strains to simultaneously degrade pesticides and enhance plant growth was 

determined by plant-microbe interaction experiments with Vigna unguiculata L. Walp. 

Bioremediation of Chlorpyrifos Contaminated Soil 

The ability of selected bacterial strains to degrade CP in soils was studied in sterilized soil 

(SS) and non-sterilized soils (nSS). Both sterilized and non-sterilized soils were inoculated 

with different CP-degrading bacteria and incubated for 42 days. Non- inoculated sterile and 

non-sterilized soils were used as control. At interval of 7 days, ten gram of soil subsamples 

were removed, extracted and analyzed for residues using HPLC. Six bacterial strains that 

showed highest CP-degradation potential in mineral salt medium were selected for CP-

degradation studies in soil. Degradation dynamics of CP in soils with different 

microbiological treatments revealed significant differences (p < 0.05) between different 

treatments (Fig. 7.1, Table 7.1). Moreover, CP degradation suggested time dependent 

disappearance and followed first order kinetics. In non-inoculated sterilized soil CP 

disappearance was insignificant, and 80% of applied CP still persisted at the end of 

incubation period. The average rate of CP degradation in sterilized soil was 0.84 mg kg
-1 

d
-1

 

with rate constant of 0.0053 d
-1

 and T1/2 was 130.7d. The data showed that indigenous 

microbes from non-sterilized soil had potential to degrade CP at the applied amount and 

utilized 42.2% of initial CP amount at the end of incubation time. However, CP depletion was 

followed by a lag phase of 7-days during which only 3% of initial CP was removed. CP 

disappearance then increased considerably, with a rate constant of 0.0111 d
-1

, average rate of 

2.01 mg kg
-1 

d
-1

 and T1/2 of 62.45 d. Selected bacterial stains exhibited higher CP-degradation 

potential in non-sterilized soils as compared to sterilized soil. Among bacterial strains highest 

CP-degradation was observed in soils inoculated with Achromobacter xylosoxidans JCp4.  
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Figure 7.1: Degradation dynamics of chlorpyrifos in different soil treatments with initial CP 

concentration of 200 mg kg
-1 

soil. Symbols: SS-Sterilized soil and nSS- non-

sterilized soil. (♦) represent sterilized soil or SS inoculated with CP degrading 

strains and (▲) represent non-sterilized soil or nSS inoculated with CP 

degrading strains. Values are the means of three replicates and error bars 

represent the standard deviation.  
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Figure 7.1: (Cont.) Degradation dynamics of chlorpyrifos in different soil treatments with 

initial CP concentration of 200 mg kg
-1 

soil. Symbols: SS-Sterilized soil and 

nSS- non-sterilized soil. (♦) represent sterilized soil or SS inoculated with CP 

degrading strains and (▲) represent non-sterilized soil or nSS inoculated with 

CP degrading strains. Values are the means of three replicates and error bars 

represent the standard deviation.  
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Table 7.1: Kinetic parameters of Chlorpyrifos degradation in various microbiologically 

active soils with initial CP concentration of 200 mgkg
-1

 soil.  

Soil 

Treatment 
Regression Equation 

a
Δk (d

-1
) 

bΔV (mg 

kg
-1

 d
-1

) 

d
T1/2 (d) c

R
2
 

SS ln(Ct/Co)=-0.004t-0.015 0.0053
a
 0.84

a
 130.7

l
 0.983 

nSS ln(Ct/Co)=-0.013t+0.025 0.0111
b
 2.01

b
 62.45

k
 0.985 

SS + LCp4 ln(Ct/Co)=-0.035t+0.084 0.0478
g
 4.40

g
 14.5

f
 0.948 

nSS + LCp4 ln(Ct/Co)=-0.064t + 0.121 0.0641
h
 4.76

j
 10.81

b
 0.956 

SS + LCp5 ln(Ct/Co)=-0.033t+0.050 0.0303
c
 3.69

c
 22.87

j
 0.977 

nSS + LCp5 ln(Ct/Co)=-0.055t + 0.075 0.0452
f
 4.31

f
 15.34

g
 0.991 

SS + LCp8 ln(Ct/Co)=- 0.044t+0.117 0.0361
d
 4.08

d
 19.2

i
 0.957 

nSS + LCp8 ln(Ct/Co)=-0.068t + 0.270 0.0579
f
 4.56

h
 11.97

d
 0.908 

SS + LCp9 ln(Ct/Co)=-0.050t+0.149 0.0400
e
 4.24

e
 17.32

h
 0.950 

nSS + LCp9 ln(Ct/Co)=-0.075t + 0.309 0.0622
g
 4.61

i
 11.14

c
 0.909 

SS + JCp4 ln(Ct/Co)=-0.063t+0.231 0.0517
e
 4.57

h
 12.93

e
 0.941 

nSS + JCp4 ln(Ct/Co)=-0.089t+0.257 0.0688
i
 4.76

j
 10.07

a
 0.922 

SS + FCp1 ln(Ct/Co)=-0.058t+0.159 0.0476
g
 4.40

g
 14.56

f
 0.953 

nSS + FCp1 ln(Ct/Co)=-0.078t + 0.173 0.064
h
 4.76

j
 10.83

b
 0.972 

SS: sterilized soil without inoculum; SS+: introduced with; nSS: non-sterilized soil with indigenous 

soil microbes. 

a
 Degradation rate constant (k) calculated using Ct=C0 x e

_kt
.
 
Ct residual concentration of CP (mg kg

-

1
).  

b 
CP disappearance rate 

c
 Linear equation between ln(Ct/C0) of chemical data and time yielded Regression equation and 

Regression coefficient (R2
). 

d
 Disappearance time calculated by T1/2=ln2/k. 

Different letters in different columns indicate the significantly different values.  
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JCp4 degraded 100% of applied CP within 42 days with average rate of 4.57 and 4.76 mg kg
-

1 
d

-1
 and rate constant of 0.0517 and 0.069 d

-1
 in sterile and non-sterile soil respectively. Half 

life (T1/2) of CP degradation by JCp4 increased from 10.07 days in non-sterile soil to 12.93 

days in sterile soil. This was followed by Acinetobacter calcoaceticus LCp4 and 

Ochrobactrum sp. FCp1 which showed similar degradation kinetics by utilizing ~93% of 

applied CP with rate constant and average rate of 0.0477 d
-1 

and 4.40 mg kg
-1 

d
-1 

in sterilized 

soil with T1/2 of 14.5 d. While in non-sterilized soil 100% of initially applied CP was 

degraded by LCp4 and FCp1 with rate constant of 0.064 d
-1

, average rate of 4.76 mg kg
-1 

d
-1 

and
 
T1/2 of 10.6 d. Soils inoculated with Pseudomonas mendocina LCp8 and Pseudomonas 

aeruginosa LCp9 showed similar CP degradation dynamics. In sterile soils 85.7% and 89% 

of applied CP was degraded with rate constants of 0.036 and 0.04 d
-1

 and average rates of 

4.08 and 4.24 mg kg
-1

d
-1 

by LCp8 and LCp9, respectively. Stenotrophomonas maltophilia 

LCp5 was able to degrade 77.5% of added CP with rate constant and average rate of 0.0303 

d
-1 

and
 
3.69 mg kg

-1
d

-1 
respectively,

 
in sterile soil. While in non sterile soil 90.6% of applied 

CP was degraded with rate constant of 0.045 d
-1

 and average rate of 4.31 mg kg
-1 

d
-1

.
 
Half life 

T1/2 of CP degradation by LCp5 decreased from 22.9 days in sterile soil to 15.34 days in non-

sterile soil.  

Bioremediation of Cypermethrin Contaminated Soil 

The ability of selected CM-degrading bacterial strains to utilize CM in soils was studied in 

sterilized soil (SS) and non-sterilized soils (nSS). Both sterile and non-sterile soils were 

inoculated with different CM-degrading bacteria and incubated for 42 days. Non- inoculated 

sterile and non-sterilized soils were used as control. At interval of 7 days, ten gram g of soil 

subsamples were removed, extracted and analyzed for residues using HPLC. Six CM-

degrading strains with higher degradation potential were evaluated for their capacity to 

bioremediate CM-contaminated soils. Significant differences (p < 0.05) were observed 

among CM-degradation dynamic in different soils and different isolates as well (Fig. 7.2, 

Table 7.2). In sterilized soil cypermethrin disappearance was insignificant, and 90% of 

applied cypermethrin still persisted at the end of incubation period. The average rate (V) of 

CM degradation in sterilized soil was 0.79 mg kg
-1

d
-1

 with rate constant (k) of 0.0068 d
-1

 and 

T1/2 was 101.93 d. The chemical data illustrated that indigenous microbes from non-sterilized 

soil were capable of degrading CM at the applied amount and utilized 43.7% of applied 
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amount till the end of incubation time. However, CM depletion was followed by a lag phase 

of 7-days during which only 8% of initial cypermethrin was degraded, cypermethrin 

disappearance then increased considerably, with a rate constant (k) of 0.0143 d
-1

. The average 

degradation rate and T1/2 observed in this case were 2.02 mg kg
-1

d
-1

 and 48.47 d respectively. 

CM-degradation in sterile and non-sterile soils inoculated with these strains was proceeded 

without any initial lag phase.  

CM degradation was much higher in inoculated sterile and non-sterile soils as compared to 

un-inoculated soils. Among inoculated soils CM degradation was higher in non-sterilized 

soils as compared to sterilized soil, no initial lag phase was observed in both conditions 

though. Percentage degradation observed for inoculated sterile soils ranged from 80.4-100% 

while in inoculated non-sterile soils 88.3-100% of CM was utilized. The highest 

bioremediation potential was exhibited by Brevibacillus parabrevis FCm9 which degraded 

100% of applied CM in 42 and 35 days with T1/2 of 9.6 and 7.6 days in sterilized and non-

sterilized soil, respectively. The degradation kinetics for FCm9 was characterized by rate 

constant of 0.0722 and 0.0913 d
-1

 and average rate of utilization of 4.68 and 5.63 mg kg
-1

d
-1

 

in sterile and non-sterilized conditions, respectively. Rhodococcus sp. JCm5 and 

Sphingomonas sp. RCm6 succeeded in degrading 90-94 and 100% of applied CM within 42 

days with average rate of 4.45 and 4.69 mg kg
-1

d
-1 

in sterile and non-sterilized soils 

respectively. The half lives decreased from 12.64 and 14.35 days in sterile soils to 8.6 and 

10.5 days in non-sterile soils. CM degradation kinetics of Acinetobacter sp. MCm5 was 

characterized by rate constant of 0.0406 d
-1

 and degradation rate of 4.27 mg kg
-1

d
-1

 in sterile 

soils while in non-sterile soils it utilized CM with average rate of 4.68 mg kg
-1

d
-1

 and rate 

constant of 0.064 d
-1

. Furthermore, decline of 7 days was observed in T1/2 of CM depletion by 

MCm5 in non-sterile soils as compared to sterile soils. Ochrobactrum anthropi 

JCm1degraded 86% of initially added CM with T1/2 of 18 days with average rate of 4.07 mg 

kg
-1

d
-1

 in sterile soils. While in non-sterile soils average rate was increased to 4.40 mg kg
-1 

d
-1

 

and half life (T1/2) decreased to 13.43 days. Bacillus megaterium JCm2 came out as the 

slowest CM degrader with utilization of 88% of added amount with a rate constant of 0.0425 

and average degradation rate of 4.13 in non-sterile soils. The degradation activity of JCm2 

was further reduced in sterile soils with degradation rate of 3.76 and increase of 5.2 days in 

T1/2.  
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Figure 7.2: Degradation dynamics of cypermethrin in different soil treatments with initial 

CM concentration of 200 mg kg
-1 

soil. Symbols: SS-Sterilized soil and nSS- 

non-sterilized soil. (♦) represent sterilized soil or SS inoculated with CM-

degrading strains and (▲) represent non-sterilized soil or nSS inoculated with 

CM-degrading strains. Values are the means of three replicates and error bars 

represent the standard deviation.  
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Figure 7.2: (Cont.) Degradation dynamics of cypermethrin in different soil treatments with 

initial CM concentration of 200 mg kg
-1 

soil.. Symbols: SS-Sterilized soil and 

nSS- non-sterilized soil. (♦) represent sterilized soil or SS inoculated with CPM-

degrading strains and (▲) represent non-sterilized soil or nSS inoculated with 

CPM- degrading strains. Values are the means of three replicates and error bars 

represent the standard deviation.  
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Table 7.2: Kinetic parameters of cypermethrin degradation in various microbiologically 

active soils with initial CM concentration of 200 mgkg
-1

 soil.  

Soil treatments Regression Equation 
a
Δk (d

-1
) 

bΔV (mg 

kg
-1

 d
-1

) 

d
T1/2 (d) cR

2
 

SS ln(Ct/Co)=-0.004t+0.039 0.0068
a
 0.79

a
 101.93

n
 0.964 

nSS ln(Ct/Co)=-0.014t+0.005 0.0143
b
 2.02

b
 48.47

m
 0.987 

SSS +JCm1 ln(Ct/Co)=- 0.045t+0.103 0.0384
d
 4.07

d
 18.05

k
 0.969 

nSS+JCm1 ln(Ct/Co)=-0.061t+0.149 0.0516
h
 4.40

g
 13.43

g
 0.965 

SS + JCm2 ln(Ct/Co)=- 0.037t+0.080 0.0321
c
 3.76

c
 21.5

l
 0.974 

nSS + JCm2 ln(Ct/Co)=-0.049t+0.106 0.0425
f
 4.13

e
 16.31

i
 0.979 

SS + JCm5 ln(Ct/Co)=- 0.068t+0.216 0.0548
i
 4.49

h
 12.64

f
 0.930 

nSS + JCm5 ln(Ct/Co)=-0.106t+0.328 0.0807
m

 4.69
i
 8.6

b
 0.895 

SS + MCm5 ln(Ct/Co)=-0.051t+0.157 0.0406
e
 4.27

f
 17.07

j
 0.921 

nSS + MCm5 ln(Ct/Co)=-0.065t+0.133 0.0646
j
 4.68

i
 10.73

e
 0.973 

SS + FCm9 ln(Ct/Co)=-0.12t+0.747 0.0722
l
 4.68

i
 9.6

c
 0.735 

nSS + FCm9 ln(Ct/Co)=-0.080t + 0.036 0.0913
n
 5.63

j
 7.6

a
 0.994 

SS + RCm6 ln(Ct/Co)=- 0.062t+0.218 0.0483
g
 4.42

g
 14.35

h
 0.926 

nSS + RCm6 ln(Ct/Co)=-0.092t+0.317 0.066
k
 4.69

i
 10.5

d
 0.924 

SS: sterilized soil without inoculum; SS+: introduced with; nSS: non-sterilized without inoculum; nSS+: 

introduced with. 

a
 Degradation rate constant (k) calculated using Ct=C0 x e

_kt
.
 
Ct residual concentration of CP (mg kg

-1
).  

b 
CP disappearance rate 

c
 Linear equation between ln(Ct/C0) of chemical data and time yielded Regression equation and Regression 

coefficient (R
2
). 

d
 Disappearance time calculated by T1/2=ln2/k. 

Different letters in different columns indicate the significantly different values.  
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Determination of Auxiliary Characteristics 

The plant growth-promoting (PGP) activities such as IAA production, phosphate 

solubilization and ammonia production by bacterial strains were determined. The bacterial 

strains with highest degradation potential of CP or CM were also tested for presence of PGP 

activities. The PGP activities of CP-degrading bacteria were tested both in absence and 

presence of CP. Similarly, CM-degrading strains were checked for presence of auxiliary 

characteristics both in the absence and presence of cypermethrin.  

Indole acetic acid (IAA) production 

The ability of bacterial strains to produce indole acetic acid was determined by colorimetric 

analysis. IAA was quantified by Salkowski’s method in presence of different concentrations 

of tryptophan (50, 100 and 150 µg mL
-1

) (Ali et al., 2009). Moreover, the effect of different 

concentrations (0, 100 and 200 mgL
-1

) of CP and CM on IAA production was studied.  

Substantial amount of IAA was produced by CP-degrading  bacterial strains after 24 hrs of 

incubation (Fig 7.3A, Table 7.3). Ochrobactrum sp. FCp1 produced higher amount of IAA 

while Pseudomonas aeruginosa LCp9 was least efficient in IAA production at different 

concentrations of tryptophan. A concentration dependent increase in IAA production was 

observed in presence of tryptophan. Strains LCp4, LCp9, JCp4 and FCp1 produced 13.5, 9.3, 

15.6 and 15.8 µg mL
-1 

IAA at 50 µg mL
-1

 of tryptophan which increased to 17.3, 12.7, 18.8 

and 19.3 µg mL
-1 

IAA at 100 µg mL
-1

 of tryptophan and to 22.6, 16.5, 23.3 and 25 µg mL
-1 

IAA at 150 µg mL
-1

 of tryptophan. CP addition to media decreased IAA production ability by 

certain extent.  IAA production reduced by 7.5 (LCp4 and LCp9), 2.65 (JCp4) and 4.3% 

(FCp1) at 100 mg L
-1

 CP. Increase in CP concentration further suppressed IAA production 

and a drop in IAA quantity by 3.5 (LCp4), 3.4 (LCp9), 2 (JCp4) and 1.7 µg mL
-1 

 (FCp1) was 

observed at 200 mg L
-1

 CP. 

CM-degrading bacterial strains also showed significant amount of IAA production in 

presence of tryptophan and Rhodococcus sp. JCm5 was the most promising IAA producing 

strain (Table 7.3). IAA production by all strains was induced by increased concentration of 

tryptophan. Strains JCm5, MCm5, FCm9 and RCm6, and produced 18.4, 13.5, 11.2 and 11.8, 

and µg mL
-1 

IAA at 50 µg mL
-1

 of tryptophan which increased to 22.5, 17.2, 14.2 and 15.3 µg 

mL
-1 

IAA at 100 µg mL
-1

 of tryptophan. Increasing tryptophan concentration upto 150 µg L
-1

 

enhanced IAA production upto 27.3 (JCm5), 20.3 (MCm5), 17.4 (FCm9) and 17.8 (RCm6) 

µg mL
-1

. Production of IAA was not affected significantly when bacterial strains were grown 
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in media supplemented with 100 mg L
-1

 CM. However, at 200 mg L
-1

 CM, IAA production 

was reduced by 3.3, 2.6, 2.4 and 1.5 µg mL
-1

 by JCm5, MCm5, FCm9 and RCm6, 

respectively.  

Phosphate solubilization and NH3 production 

Phosphate solubilization (PS) by bacterial strains was observed by using Pikovskaya’s agar 

medium (pH 6.8). The production of clear zone around growth demonstrated the bacterial 

strain’s potential for phosphate solubilization. PS was depicted as solubilization index (SI) 

which is ratio of total diameter (colony + zone) to colony parameter. NH3 production was 

determined by development of yellow color with Nessler’s reagent.  

All the four CP-degrading strains were able to solubilize phosphate and a clear zone of 11 - 

17 mm was observed around bacterial growth. The results of SI of CP-degrading bacteria 

indicated that these microbes had high P solubilizing activity (Figure 7.3C, Table 7.4). 

Highest PS activity was shown by Acinetobacter calcoaceticus LCp4 whereas that of 

Ochrobactrum sp. FCp1 remained least affected by CP addition. In cultures grown in absence 

of CP, SI values calculated for  LCp4, LCp9, JCp4 and FCp1 were 4.2, 3.7, 4.2 and 3.8. 

Addition of CP to PS medium decreased the solubilization activity of bacterial strains. The 

zone of solubilization reduced by 6 mm (LCp4 and JCp4), 7.7 mm (LCp9) and 4.5 mm 

(FCp1) at concentration of 100 mg L
-1 

CP. Increase in CP concentration further repressed PS 

activity and a decrease of 4 mm (LCp4),  3 mm (LCp9), 3 (JCp4) and  0.5 mm (FCp1) was 

observed in zone size at 200 mg L
-1

 CP.  

CM-degrading bacteria were also able to solubilize insoluble phosphate in presence or 

absence of cypermethrin and produced a clear zone of 10-16 mm around growth (Table 7.4). 

However, addition of cypermethrin reduced PS ability of bacterial strains to certain extent. 

Acinetobacter calcoaceticus MCm5 exhibited highest PS activity while Brevibacillus 

parabrevis FCm9 showed least activity and was also least affected by presence of CM. In 

absence of cypermethrin zone size varies from 11-17 mm and SI ranged from 3.7 – 4.5. 

Addition of CM at concentration of 100 mg L
-1

 decreased zone size by 1 mm in JCm5, 

MCm5 and RCm6. Increase in CM concentration further reduced solubilization activity and a 

reduction of 2 (JCm5), 2.5 (MCm5), 1 (FCm9) and 1.5 mm (RCm6) was observed in zone 

size at amount of 200 mg L
-1

. 

All CP-degrading strains showed positive result for NH3 production except Pseudomonas 

aeruginosa LCp9 (Figure 7.3B, Table 7.4). In control cultures LCp4, JCp4 and FCp1 gave 
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brownish yellow color which indicated high ammonia production. Addition of CP at 100 mg 

L
-1

 did not affect the color intensity of JCp4 and FCp1, however, in LCp4 cultures, color 

intensity faded to yellow. Increasing CP concentration to 200 mg L
-1

 decreased color 

intensity in JCp4 and FCp1 as well. All CM-degrading strains exhibited positive results for 

ammonia production in absence and presence of cypermethrin. In control cultures brownish 

yellow color was developed which showed high ammonia production. Addition of CM at 100 

mgL
-1

 did not affect NH3 production, however, CM at 200 mg L
-1

 reduced the color intensity 

to yellow indicating reduction in NH3 production.  

 

   

 

Figure 7.3: Determination of plant growth promoting characteristics at 0, 100 and 200 mg L
-1

 

CP concentration. (A) Production of Indole acetic acid, (B) NH3 production and  

(C), Phosphate solubilization in Achromobacter xylosoxidans JCp4. 
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-1
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Table 7.3: Indole acetic acid production of CP and CM-degrading strain in presence and 

absence of respective pesticide.   

Bacterial strains 

Tryptophan 

Conc. 

(µg mL
-1

) 

IAA (µg mL
-1

) 
Pesticide Conc. 

(mg L
-1

) 
IAA (µg mL

-1
) 

Acinetobacter 

calcoaceticus 

LCp4 

50 13.5 ± 0.25 

C
P

 

Control 17.3 ± 0.14 

100 17.3 ± 0 .36 100 16.0 ± 0.12 

150 22.6 ± 0.2 200 13.8 ± 0.15 

Pseudomonas 

aeruginosa LCp9 

50 9.3 ± 0.23 Control 14.7 ± 0.12 

100 12.7 ± 0.3 100 13.6 ± 0.24 

150 16.5 ± 0.21 200 11.3 ± 0.04 

Achromobacter 

xylosoxidans 

JCp4 

50 15.6 ± 0.4 Control 18.8 ± 0.04 

100 18.8 ± 0.26 100 18.3 ± 0.14 

150 23.3 ± 0.3 200 16.8 ± 0.24 

Ochrobactrum sp. 

FCp1 

50 15.8 ± 0.34 Control 18.3 ± 0.015 

100 19.3 ± 0.41 100 17.5 ± 0.02 

150 25.0 ± 0.5 200 16.6 ± 0.014 

Rhodococcus sp. 

JCm5 

50 18.4 ± 0.8 

C
M

 

Control 22.5 ± 0.05 

100 22.5 ± 0.73 100 21.7 ± 0.12 

150 27.3 ± 0.47 200 19.2 ±0.14 

Acinetobacter 

calcoaceticus 

MCm5 

50 13.5 ± 0.2 Control 17.2 ± 0.15 

100 17.2 ± 0.4 100 17.0 ± 0.13 

150 20.3 ± 0.35 200 14.6 ± 0.12 

Brevibacillus 

parabrevis FCm9 

50 11.2 ± 0.53 Control 14.2 ± 0.04 

100 14.2 ± 0.37 100 14.2 ± 0.12 

150 17.4 ± 0.4 200 11.8 ± 0.2 

Sphingomonas sp.  

RCm6 

50 11.8 ± 0.3 Control 15.3 ± 0.14 

100 15.3 ± 0.45 100 15.0 ± 0.14 

150 17.8 ± 0.25 200 13.8 ± 0.24 

IAA = Indole acetic acid; the values indicate the mean ± S.D of three replicates 
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Table 7.4: Phosphate solubilization and ammonia (NH3) production of CP and CM-

degrading strains in presence and absence of respective pesticide. 

Bacterial 

strains 

Pesticide conc. 

(mg L
-1

) 

PGP Characteristics 

Phosphate Solubilization (PS) 
NH3 

Production 
Zone Size 

(mm) 

Solubilization 

Index  

% 

Reduction 

Acinetobacter 

calcoaceticus 

LCp4 

C
P

 

Control 17 ± 0.7 4.2 ± 0.04 -- +++ 

100 16 ± 1.04 4.0 ± 0.0 5.9 ++ 

200 13 ± 1.0 3.2 ± 0.08 23.5 ++ 

Pseudomonas 

aeruginosa 

LCp9 

Control 13 ± 0.5 3.7 ± 0.09 -- ̶ 

100 12 ± 1.15 3.4 ± 0.04 7.7 ̶ 

200 10 ± 0.57 3.0 ± 0.0 23.1 ̶ 

Achromobacter 

xylosoxidans 

JCp4 

Control 17 ± 0.57 4.2 ± 0.08 -- +++ 

100 16 ± 0.5 4.0 ± 0.04 6.0 +++ 

200 11 ± 1.0 3.6 ± 0.08 17.6 ++ 

Ochrobactrum 

sp. FCp1 

Control 11 ± 1.0 3.8 ± 0.08 -- +++ 

100 10.5 ± 0.5 3.6 ± 0.08 4.5 +++ 

200 10 ± 0.0 3.3 ± 0.09 9.1 ++ 

Rhodococcus 

sp. JCm5 

 

C
M

 

Control 17 ± 1.0 4.2 ± 0.04 -- +++ 

100 16 ± 0.28 4.0 ± 0.12 3.7 +++ 

200 
14.5 ± 

1.15 
3.6 ± 0.04 11.0 ++ 

Acinetobacter 

calcoaceticus 

MCm5 

 

Control 13.5 ± 0.8 4.0 ± 0.08 -- +++ 

100 13 ± 1.04 3.8 ± 0.04 6.0 +++ 

200 12 ± 0.5 3.4 ± 0.08 14.7 ++ 

Brevibacillus 

parabrevis 

FCm9 

Control 11 ± 0.7 3.7 ± 0.04 -- +++ 

100 11 ± 1.0 3.7 ± 0.09 0.0 +++ 

200 10 ± 0.5 3.3 ± 0.0 9.1 ++ 

Sphingomonas

sp.  RCm6 

Control 16 ± 1.15 4.0 ± 0.08 -- +++ 

100 15 ± 0.28 3.9 ± 0.04 6.3 +++ 

200 14 ± 1.5 3.6 ± 0.08 12.5 ++ 

+++ = Large amount of ammonia; ++ = moderate amount of ammonia;  ̶  = No ammonia 
production; Thevalues indicate the mean ± S.D of three replicates. 
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Growth experiment with Vigna unguiculata (L.) Walp. 

Influence of bacterial inoculation on plant growth and pesticide degradation in soil was 

studied using plant growth experiments. The most efficient strains with biodegradation 

potential and plant growth stimulating traits were selected for growth studies. Soils spiked 

with CP or CM (200 mgkg
-1

) were inoculated with 1.6 x 10
7
 cfu g

-1
 of respective pesticide 

degrading bacterial strains. Sterilized seeds of Vigna unguiculata (cowpea) were sown in 

spiked soils. Seeds sown in non-inoculated spiked soils and non-spiked soils were used as 

control. Various plant parameters such as germination (%), shoot and root length, leaf 

number and length, and fresh and dry weight of shoot and root were observed for effect on 

growth. Biodegradation of pesticides in spiked soils was evaluated by taking the samples 

from these pots for 6 weeks at interval of 7 days. Soil samples were extracted with acidified 

acetone and analyzed by HPLC for residual pesticides. 

CP-degrading strains Acinetobacter calcoaceticus LCp4, Achromobacter xylosoxidans JCp4 

and Ochrobactrum sp. FCp1 were evaluated for their simultaneous plant growth promotion 

and CP degradation activities (Figure 7.4, Table 7.5). Un-inoculated soils with or without CP 

addition were used as controls. CP addition to soil reduced certain plant parameters such as % 

germination (14.2%), shoot length (2 cm), shoot fresh weight (0.29 g), root fresh weight (0.05 

g), shoot dry weight (0.2 g) and root dry weight (0.02 g). Plants grown in CP supplemented 

soils inoculated with CP-degrading bacterial strains exhibited significant enhancement in 

growth in terms of height and weight. An increase of 4.3, 6.5 and 7.8 cm in shoot length and 

of 10.1, 12.1 and 7.3 cm in root length was observed with LCp4, JCp4 and FCp1, 

respectively. Leaf length was enhanced upto 2.1 cm and leaf numbers also increased upto 45-

66%. Shoot weight increase was studied as shoot fresh and dry weight; an increase of 1.03, 

1.6 and 1.17 g in shoot fresh weight and of 0.28, 0.4 and 0.5 g in shoot dry weight was 

observed in plants inoculated with LCp4, JCp4 and FCp1, respectively. Root weight was also 

enhanced significantly; LCp4, JCp4 and FCp1 enhanced root fresh weight upto 0.72, 1.36 

and 1.54 g and root dry weight upto 0.07, 0.15 and 0.16 g, respectively.  

CM-supplemented soils were inoculated with CM-degrading strains Rhodococcus sp. JCm5, 

Brevibacillus parabrevis FCm9 and Sphingomonas sp. RCm6 to study their plant growth 

promotion and cypermethrin degradation activity simultaneously. Un-inoculated soils with or 

without CM addition were used as controls. Significant differences in plant growth 

parameters were observed in different active soils (Figure 7.5, Table 7.6). CM addition to soil 

inhibited plant growth and a reduction in growth parameters such as % germination (19 %), 
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shoot length (2.4 cm) and root length (1.9 cm) was observed. Other parameters such as leaf 

length, number of leaves and plant dry and fresh weight were only slightly decreased. Plants 

grown in inoculated spiked soils demonstrated significant enhancement in growth in terms of 

height and weight. An increase of 5.4, 7.9 and 6.6 cm in shoot length and of 5.3, 8.1 and 5.7 

cm in root length was observed with JCm5, FCm9 and RCm6, respectively. Leaf growth was 

observed as leaf length which showed an increase upto 1.8-2.47 cm and leaf numbers which 

increased upto 1-5. Inoculation with JCm5, FCm9 and RCm6 resulted in increase in shoot 

fresh weight upto 0.93, 1.63 and 0.88 g and in shoot dry weight upto 0.18, 0.58 and 0.26 g, 

respectively. Similarly root fresh and dry weight was enhanced upto 0.57 g and 0.1 g (JCm5), 

1.9 g and 0.26 g (FCm9) and 0.56 g and 0.1 g (RCm6).  

Pesticide degradation in planted soils followed time-dependent disappearance and 

degradation kinetics were studied using first order equation. Within six weeks 48% of CP 

was degraded in un-inoculated soils with the rate of 2.27 mg kg
-1 

d
-1

 and rate constant of 

0.0128 d
-1 

(Figure 7.6A, Table 7.7). The half-life of CP in un-inoculated planted soils was 

calculated to be 54.15 days. In inoculated soils 100% of applied CP was degraded within 35 

days with average rate of 5.7 mg kg
-1 

d
-1

.  Acinetobacter calcoaceticus LCp4 degraded 88.4% 

CP within 28 days and rate constant and T1/2 were calculated as 0.085 d
-1

 and 8.15 days, 

respectively. Achromobacter xylosoxidans JCp4 was most efficient and degraded 93.3% CP 

in planted soil with rate constant of 0.088 d
-1

 and T1/2 was observed to be 7.86 days. 

Ochrobactrum sp. FCp1 utilized 89% CP within 28 days with rate constant of 0.079 d
-1

 and 

T1/2 of 8.77 days (Figure 7.6A, Table 7.7).  

CM degradation was also observed in un-inoculated and inoculated planted soils. In un-

inoculated soils 54.7% of CM was degraded within 42 days with the average rate of 2.54 mg 

kg
-1 

d
-1

 and rate constant of 0.016 d
-1

. The half-life of CM in un-inoculated planted soils was 

calculated to be 41.76 days. In inoculated soils 100% of applied CM was degraded within 35 

days with average rate of 5.7 mg kg
-1 

d
-1

. Rhodococcus sp. JCm5 degraded 87.6% CM within 

28 days and rate constant and T1/2 were calculated as 0.0884 d
-1

 and 7.84 days, respectively. 

Brevibacillus parabrevis FCm9 was most efficient and degraded 94.5% CM in planted soil 

with rate constant of 0.101 d
-1

 and T1/2 was observed to be 6.8 days. Sphingomonas sp. FCp1 

utilized 84.7% CM within 28 days with rate constant of 0.075 d
-1

 and T1/2 of 9.24 days Figure 

7.6B, Table 7.7).   
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Figure 7.4: Growth experiment with Vigna unguiculata in soil supplemented with CP (200 

mg kg
-1

). Control, without CP and bacterial inoculation; CP, No inoculum; CP 

+FCp1, inoculated with Ochrobactrum sp. FCp1; CP + LCp4, inoculated with 

Acinetobacter calcoaceticus LCp4; CP + JCp4, inoculated with Achromobacter 

xylosoxidans JCp4. 

 

Table 7.5: Measurement of growth parameters of Vigna unguiculata in different 

microbiologically active soils supplemented with CP (200 mg kg
-1

).  

The values indicate the mean ± S.D of three replicates. 

Different letters in same rows indicate significantly different values. 

Growth Parameters Control CP + Cowpea 

CP + 

Cowpea + 

LCp4 

CP + 

Cowpea + 

JCp4 

CP + 

Cowpea + 

FCp1 

% germination 87.5 ± 0.0
ab

 75 ± 0.0
a
 83.3 ± 7.2

ab
 91.6 ± 6.4

b
 91.6 ± 7.2

b
 

Shoot length (cm) 15.1 ± 0.36
b
 13.1 ± 0.3

a
 19.4 ± 0.76

c
 21.6 ± 0.35

d
 22.9 ± 0.36

e
 

Root Length (cm) 16.1 ± 0.36
a
 16 ± 0.31

a
 26.2 ± 1.2

d
 28.2 ± 0.78

e
 23.4 ± 0.82

c
 

Leaf Length (cm) 3.03 ± 0.15
a
 3.07 ± 0.15

a
 5.03 ± 0.21

b
 5.15 ± 0.13

b
 5.20 ± 0.1

b
 

Number of Leaves 8.0 ± 0.0
a
 8.33 ± 0.58

a
 11.67 ± 1.15

b
 13.6 ± 0.6

c
 13.3 ± 0.6

c
 

Shoot fresh Weight (g) 1.23 ± 0.07
b
 0.94 ± 0.11

a
 2.26 ± 0.09

c
 2.83 ± 0.10

d
 2.40 ± 0.09

c
 

Root fresh Weight (g) 0.6 ± 0.03
a
 0.55 ± 0.07

a
 1.32 ± 0.06

b
 1.96 ± 0.10

c
 2.14 ± 0.06

d
 

Shoot dry Weight (g) 0.3 ± 0.035
b
 0.18 ± 0.006

a
 0.58 ± 0.032

c
 0.7 ± 0.03

d
 0.8 ± 0.01

e
 

Root dry Weight (g) 0.1 ± 0.008
a
 0.08 ± 0.007

a
 0.17 ± 0.006

b
 0.25 ± .013

c
 0.26 ± .003

c
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Figure 7.5: Growth experiment with Vigna unguiculata in soils supplemented with CM (200 

mg kg
-1

). Control, without CM and inoculation; CM, No inoculum; CM +FCm9, 

inoculated with Brevibacillus parabrevis sp. FCm9; CM + JCm5, inoculated 

with Rhodococcus sp. JCm5; CP + RCm6, inoculated with Sphingomonas sp. 

RCm6. 

 

Table 7.6: Measurement of growth parameters of Vigna unguiculata in different 

microbiologically active soils supplemented with CM (200 mg kg
-1

).  

The values indicate the mean ± S.D of three replicates. 

Different letters in same rows indicate significantly different values.  

  

Growth Parameters Control 
CM + 

Cowpea 

CM + 

Cowpea + 

JCm5 

CM + 

Cowpea + 

FCm9 

CM + 

Cowpea + 

RCm6 

% germination 87.5 ± 0.0
b
 70.8 ± 7.2

a
 87.5 ± 7.2

b
 91.3 ± 12.5

b
 91.3 ± 14.4

b
 

Shoot length (cm) 15.1 ± 0.36
b
 12.7 ± 0.55

a
 20.5 ± 0.75

c
 23 ± 0.82

e
 21.7 ± 0.6

d
 

Root Length (cm) 16.1 ± 0.36
b
 14.2 ± 0.4

a
 21.4 ± 0.4

c
 24.2 ± 0.36

d
 21.8 ± 0.45

c
 

Leaf Length (cm) 3.03 ± 0.15
a
 3.07 ± 0.15

a
 4.83 ± 0.2

b
 5.5 ± 0.17

c
 5.07 ± 0.15

b
 

Number of Leaves 10.3 ± 0.0
b
 8.0 ±1.53

a
 10.8 ± 1.6

b
 15.2 ± 1.15

d
 13.0 ± 1.0

c
 

Shoot fresh Weight (g) 1.23 ± 0.07
a
 1.15 ± 0.11

a
 2.16 ± 0.16

b
 2.86 ± 0.16

d
 2.11 ± 0.13

b
 

Root fresh Weight (g) 0.6 ± 0.03
a
 0.55 ± 0.03

a
 1.17 ± 0.10

b
 2.50 ± 0.15

c
 1.16 ± 0.11

b
 

Shoot dry Weight (g) 0.3 ± 0.035
a
 0.26 ± 0.01

a
 0.48 ± 0.06

b
 0.88 ± 0.05

c
 0.56 ± 0.06

b
 

Root dry Weight (g) 0.1 ± 0.008
a
 0.09 ± 0.007

a
 0.2 ± .0056

c
 0.36 ±  0.035

b
 0.19 ± .006

c
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Figure 7.6: Degradation dynamics of CP (A) and CM (B) in planted soil treatments with 

initial concentration of 200 mg kg
-1 

soil. Symbols: Un-in: Un-inoculated planted 

soil.   

 

Table 7.7: Kinetic parameters of chlorpyrifos and cypermethrin degradation in 

microbiologically active   planted soils with initial CP or CM concentration of 

200 mgkg
-1

 soil.  

Soil Treatment Regression Equation 
a
Δk 

(d
-1

) 

b
ΔV 

(mg kg
-1

 

d
-1

) 

d
T1/2 (d) 

c
R

2
 

CP-Soil + Cowpea ln(Ct/Co)=-0.016t+0.042 0.0128
a
 2.27

a
 54.15

d
 0.982 

CP-Soil + LCp4 + 
Cowpea 

ln(Ct/Co)=-0.073t + 0.159 0.085
c
 5.69

b
 8.15

b
 0.937 

CP-Soil + JCp4 + 

Cowpea 
ln(Ct/Co)=-0.092t+0.194 0.088

c
 5.69

b
 7.86

a
 0.944 

CP-Soil + FCp1 + 

Cowpea 
ln(Ct/Co)=-0.076t + 0.141 0.079

b
 5.69

b
 8.77

c
 0.962 

CM-Soil + Cowpea ln(Ct/Co)=-0.019t+0.045 0.0166
d
 2.01

a
 41.76

d
 0.985 

CM-Soil + JCm5 + 

Cowpea 
ln(Ct/Co)=-0.071t + 0.085 0.0884

a
 5.69

b
 7.84

b
 0.972 

CM-Soil + FCm9 + 

Cowpea 
ln(Ct/Co)=-0.088t+0.147 0.101

b
 5.69

b
 6.86

a
 0.965 

CM-Soil + RCm6 + 

Cowpea 
ln(Ct/Co)=-0.064t + 0.072 0.075

c
 5.69

b
 9.24

c
 0.974 

 
Average degradation rate constant (Δk) calculated using Ct=C0 x e

_kt
.
 
Ct residual concentration of CP (mg kg

-1
).  

b 
Average

 
CP disappearance rate 

c
 Linear equation between ln(Ct/C0) of chemical data and time yielded Regression equation and Regression 

coefficient (R
2
). 

d
 Disappearance time calculated by T1/2=ln2/k. 
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DISCUSSION 

Pesticides like chlorpyrifos and cypermethrin are in extensive use for pest control in 

vegetable and cotton fields and for cattle treatment. Soil contamination by these pesticides 

can occur from field application, spraying on crop plants and weeds, handling of pesticides in 

farmyard, rinsing of containers and accidental spills (Briceño et al., 2012). Most of the 

pesticides adversely affect the functional diversity of soil microbial flora and eventually lead 

towards loss of soil fertility and plant growth, which put sustainability of agricultural soils in 

serious danger (Fang et al., 2009). Furthermore, pesticide residues and their metabolites can 

infiltrate to surface and groundwater and can widely contaminate aquatic environments (Lu et 

al., 2013). Bioremediation which makes use of microbial degradation potential provide cost-

effective and reliable approach for pesticide abatement. Bioremediation can be performed by 

nutrient application, aeration or addition of pesticide degrading microbes. Several soil and 

aquatic environments have been successfully reclaimed from pesticides contamination using 

degrading microbes (Singh and Walker, 2006). This chapter covers experiments carried out to 

examine degradation of chlorpyrifos and cypermethrin in sterile and non-sterile soils using 

isolated bacteria. Moreover, some of these bacterial strains possess plant growth promoting 

traits along with pesticide degrading capability, these strains were then studied to 

simultaneously degrade pesticides and enhance plant growth.  

In soil degradation experiments inoculum size of 1.6 x 10
7
 cfu g

-1
 was used and this inoculum 

density come out to be capable of removing CP and CM proficiently without a lag phase. As 

reported in previous studies inoculum density is an essential factor influencing the efficient 

degradation of applied pesticides. Singh et al. (2004) found that inoculum density more than 

10
6
 cfu g

-1
 was able to degrade chlorpyrifos without lag phase. The requirement for high 

inoculum density for pesticide degradation could be because higher number of bacteria were 

required to start and sustain fast degradation during incubation. Previously, it has also been 

reported that small portion of introduced bacteria survived and contributed towards pesticide 

degradation when a lower inoculum density was applied. On the other hand higher inoculum 

density could compensate for initial decline in bacterial population while remaining bacteria 

multiplied and degraded pesticide (Chen et al., 2012a; Cycoń et al., 2013c). In general, 

extended lag phases were observed before initiation of rapid degradation of pesticides when 

soils were inoculated with smaller inoculum densities (Anwar et al., 2009; Chen et al., 

2011a). Therefore, relatively larger inoculum density (1.6 x 10
7 

cfu g
-1

 of soil) was used in 

this study. 



Applied Bioremediation 

 

187 
 

Soil degradation studies revealed that selected CP-degrading strains were capable of 

degrading CP in sterile (77.5-100%) and non sterile soils (90.6-100%) at rate of 3.69-4.57 mg 

kg
-1

 d
-1 

and 4.31-4.76 mg kg
-1

 d
-1

, respectively. Similarly, CM degradation was carried out by 

CM-degrading strains in sterile soil (80.4-100%) at rate of 3.76-4.68 mg kg
-1

 d
-1

 and non-

sterile soils (88.3-100%) at rate of 4.13-5.63 mg kg
-1

 d
-1

. Previous studies on pesticide 

degradation have revealed that microbes capable of degrading these compounds in culture 

media also performed their degradation in soil. Degradation of different pesticides in soil 

such as chlorpyrifos (Singh et al., 2004; Singh et al., 2006; Lakshmi et al., 2008; Lu et al., 

2013), cypermethrin (Chen et al., 2012a), deltamethrin (Cycoń et al., 2013b) and fenvelerate 

(Chen et al., 2011c) has been studied. The degradation kinetics were calculated using first 

order rate equation Ct =C0 x e
_kt 

as the pesticide disappearance was time-dependent. The rate 

constants for CP disappearance by bacterial strain in soil varied from 0.0303 to 0.0688 d
-1

 

with T1/2 of 10-22.8 days, while CM-degradation rate constant ranged from 0.0321-0.0913 d
-1 

T1/2 of 7.6-21.5 days. Likewise, first order rate equation has been used to study degradation 

kinetics of pesticides in soil (Cycon et al., 2009; Chen et al., 2012b; Jabeen et al., 2014). 

Comparable degradation kinetics values have been given in earlier studies for degradation of 

CP and CM. Cycoń et al. (2013c) found that Serratia marcescens was capable of degrading 

CP at rate constant ranging from 0.017-0.052 d
-1

 with T1/2 of 13.6-37 days in different types 

of soils. Chen et al. (2012a) demonstrated that Streptomyces aureus was able to degrade CM 

at rate of 0.167 d
-1

 with T1/2 of 4.1 days in soil with native microorganisms.  

Degradation of CP and CM was high in inoculated non-sterile soils as compared to inoculated 

sterile soils indicating the bioremediation potential of selected CP and CM-degrading strains. 

An increase of 7.7-16.9% was observed in CP degradation in non-sterile soils with CP-

degrading strains A. calcoaceticus LCp4 (10.07%), S. maltophilia LCP5 (16.9%), P. 

mendocina LCp8 (11.7%), P. aeruginosa LCp9 (8.82%), A. xylosoxidans JCp4 (9.6%) and 

Ochrobactrum sp. FCp1 (7.75%). Similarly 5-9.8% enhanced degradation was noticed in 

non-sterilized soils with CM-degrading strains O. anthropi JCm1 (8.1%), B. megaterium 

JCm2 (9.8%), Rhodococcus sp. JCm5 (5%), A. calcoaceticus MCm5 (9.3%), B. parabrevis 

FCm9 (9.05%) and Sphingomonas sp. RCm6 (6.15%). Enhancement in pesticide utilization 

can be due to the fact that inoculation of soil with degrading bacteria has increased its 

catabolic potential, furthermore, the indigenous microbes had synergistic ability to utilize 

applied pesticide compound and had played role in their biodegradation. Increased depletion 

of pesticides in contaminated soils by augmentation with potential degrading strain has been 
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observed in earlier studies. For instance, Burkholderia sp. FDS-1 enhanced fenitrothion 

utilization rate when inoculated in FT contaminated soil with native microflora (Hong et al., 

2007). Serratia marcescens degraded deltamethrin more efficiently in non-sterile soils as 

compared to sterile soils (Cycoń et al., 2013b). Chen et al. (2012a) reported that after 

inoculating CM-degrading Streptomyces aureus HP-S-01 into CM contaminated field soil 

raised its degradation upto 87.8% as compared to 80.5% in sterilized laboratory soil.  

Non-inoculated sterilized and non-sterilized soils spiked with pesticides were used as control. 

An increase of 140% in CP-degradation was observed in non-sterilized soil compared to 

sterile soil; likewise CM-degradation was 136% higher in soils with native microflora 

compared to sterilized soil. It showed that pesticide degradation was mediated by soil 

microflora and that indigenous microbes were capable of degrading pesticides. In earlier 

studies (Cycon et al., 2009) observed 80% higher degradation of diazinon in non-sterilized 

soils as compared to sterilized soils. Similar results were observed in degradation studies of 

other pesticides such as fenvelerate (Chen et al., 2011c) and cypermethrin (Chen et al., 

2012a). It was also observed that CP depletion rate in non-inoculated non-sterilized soil was 

lower than inoculated soils and it was characterized by lag phase of 7 days. This might 

correspond to the time required for propagation of small community of CP utilization bacteria 

to attain sufficient level for effective removal of pesticide. It can also be linked to relatively 

high concentration of applied pesticide (200 mg kg
-1 

CP), which probably reduced the 

functional activities and degradation potential of autochthonous microflora. Similar results 

have been reported by Karpouzas et al. (2005) and Cycon et al. (2009), who stated that lag 

phase was observed because lower number of bacteria were present at the start of incubation 

period.  CM depletion rate in non-inoculated non-sterilized soil was also slower however, no 

lag phase was observed. It can be explained by the fact that little CM degrading community 

present at the start of incubation started its degradation that was detectable and microbes 

grew in number after using cypermethrin and increased degradation rates in later weeks. This 

trend was also noticed during degradation of other pyrethroids in earlier studies. For example, 

Cycoń et al. (2013b) observed a slower degradation of deltamethrin for 2 weeks in soils with 

only native microflora. In addition, degradation of fenvelerate (Chen et al., 2011c) and 

cypermethrin (Chen et al., 2012a) was 84% and 88% slower in soils with only indigenous 

microbes than in inoculated soils. Lakshmi et al. (2008) also observed that 34% of applied 

CP was degraded in uninoculated non-sterile soils, however it increased upto 89% when CP-

degrading strain was added to soil.  
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Determination of plant growth promoting characteristics revealed presence of substantial 

phosphate solubilization, IAA and ammonia production by selected CP or CM degrading 

strains. Bacterial stains belonging to genera Acinetobacter (Zhao et al., 2014), Pseudomonas 

(Bano and Musarrat, 2004), Achromobacter (Jha and Kumar, 2009), Ochrobactrum 

(Chakraborty et al., 2009), Brevibacillus (Ratón et al., 2012), Sphingomonas (Tsavkelova et 

al., 2007) and Rhodococcus (Trivedi et al., 2007) have been isolated and studied for their 

plant growth promoting traits. Usually bacteria from plant rhizosphere and bulk agricultural 

soil possess plant growth promoting traits; some of these microbes also contain pesticide 

degrading capacities due to continuous exposure to these compounds. Presence of assisted 

traits suggests the agronomic and environmental significance of such microbes. Studies with 

similar results describing combination of biodegradation potential and plant growth 

promoting traits have been carried out for different pesticides. Diverse bacterial strains from a 

soil enrichment culture responsible for thiamethoxam degradation also possessed IAA 

production and N2-fixation abilities (Zhou et al., 2014). Chlorpyrifos degrading 

Acinetobacter calcoaceticus also showed PGP traits (Zhao et al., 2014). Bano and Musarrat 

(2004) reported isolation of carbofudran degrading Pseudomonas sp. that also possessed 

abilities of IAA production and phosphate solubilization. In another study, Bano and 

Musarrat (2003) studied phorate degradation by Rhizobium, Pseudomonas and Proteus 

species which also exhibited substantial IAA production and phosphate solubilization.  

Significant decrease in PGP activities of CP-resistant bacteria was observed in presence of 

chlorpyrifos. IAA production was reduced by LCp4, LCp9, JCp4 and FCp1 upto 7.5, 7.48, 

2.65 and 4.3% at 100 mgL
-1

 CP and upto 20.2, 23, 10.6 and 9.2% at 200 mgL
-1

, respectively. 

The zone of solubilization reduced by 6% (LCp4 and JCp4), 7.7% (LCp9) and 4.5% (FCp1) 

at concentration of 100 mg L
-1 

CP while a decrease of 23% (LCp4 and LCp9), 17.6% (JCp4) 

and 9% (FCp1) was observed in zone size at 200 mg L
-1

 CP. Similarly, NH3 production was 

also affected by presence of CP at 200 mgL
-1 

concentration as decrease in intensity of yellow 

color was observed. CP has been reported to exert inhibitory effects on soil microbial 

activities (Fang et al., 2009). Presence of cypermethrin in smaller concentration had non-

significant effect on plant growth promoting traits, however, a considerable reduction in 

phosphate solubilization and IAA production was observed at high concentration. CM at 200 

mg L
-1

 reduced IAA production by 14.6, 15.1, 17 and 9.8% by JCm5, MCm5, FCm9 and 

RCm6, respectively. CM concentration at 200 mgL
-1

 reduced phosphate solubilization 

activity by 11, 14.7, 9.1 and 12.5% by JCm5, MCm5, FCm9 and RCm6, respectively. 
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Likewise, reduction in NH3 production was observed at 200 mgL
-1

 CM concentration. 

Similarly, Madhaiyan et al. (2006) have reported decrease in plant-growth promoting traits of 

bacteria in presence of pesticides above recommended dose. Pesticides affect the soil 

microbiological activities by changing populations of cellulolytic and phosphate solubilizing 

microorganisms and altering nitrogen balance and ammonification in soil (Ramani, 2011).  

Vigna unguiculata growth was inhibited when soil was supplemented with 200 mg kg
-1

 of 

pesticides (CP or CM). CP addition to soil reduced certain plant parameters such as % 

germination (14.2%), shoot length (13.2%), shoot fresh weight (23.5%), root fresh weight 

(8.3%), shoot dry weight (40%) and root dry weight (20%). Similarly, CM addition to soil 

decreased plat growth to certain extent and a reduction in some plant parameters such as % 

germination (19 %), shoot length (15.8 %), root length (11.8%), plant fresh weight (7%) and 

plant dry weight (12.5%) was observed. Bidlan et al. (2004) reported that use of lindane at 

100 μgL
-1

 concentration inhibited the germination in greengram and radish. Lindane and 

diazinon reduced germination in soybean (Tu, 1981), while carbofuran has been reported to 

reduce seedling emergence in wheat (Khaleeq and Klatt, 1986). Proteolytic activity of seeds 

was increased during germination, however, higher level of pesticides have been reported to 

inhibit α-amylase and protease activity affecting seed germination (Mitra and Raghu, 1998). 

Different pesticides such as aldrin, carbofuran, fenamiphos and phorate have been found to 

cause toxic effects on plant growth parameters such as plant height, weight and root 

nodulation (Tiyagi et al., 2004). The negative effect of pesticides on plant growth can be due 

to inhibition of electron flow of photosynthetic chain. OPs and DDT have been found to 

affect photosynthesis generally by uncoupling photosynthetic electron flow resulting in no 

ATP synthesis (Mitra and Raghu, 1998).  

Enhanced plant (V. unguculata) growth was observed when soils were inoculated with CP or 

CM-degrading bacterial strains. After inoculation with CP-degrading strains A. calcoaceticus 

LCp4, A. xylosoxidans JCp4 and Ochrobactrum sp. FCp1 the increase in plant growth was 

observed as % germination (4.68%), plant height (43.6, 59.6 and 48.6%), plant fresh weight 

(119.6%, 193.8% and 176.6%) and plant dry weight (87.5, 137.5 and 165%). Inoculation of 

CM-degrading strain into soil resulted in enhanced plant growth; the strains Rhodococcus sp. 

JCm5, B. parabrevis FCm9 and Sphingomonas sp. RCm6 increased the plant height by 41.9, 

47.2 and 42.5%, plant fresh weight by 81.9, 192.8 and 78.7% and plant dry weight by 70, 210 

and 87.5%, respectively. The better rate of seed germination and enhanced plant growth can 

be attributed to IAA production, phosphate solubilization and decrease in toxicity of 
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pesticides owing to its enhanced degradation. The uses of microbes with concurrent pollutant 

bioremediation and plant growth enhancing potentials to stimulate plant growth have been 

demonstrated in different studies (Belimov et al., 2005; Rajkumar et al., 2006; Zaidi et al., 

2006).  

Degradation of pesticides was also studied in planted soils inoculated with PGP bacterial 

strains. In CP supplemented planted soils Acinetobacter calcoaceticus LCp4, Achromobacter 

xylosoxidans JCp4 and Ochrobactrum sp. FCp1 utilized 87.9, 93.3 and 88.9% of applied CP 

in 28 days and degraded it completely in 35 days. CM was also degraded at enhanced rate in 

planted soil; Rhodococcus sp. JCm5, Brevibacillus parabrevis FCm9 and Sphingomonas sp. 

RCm6 degraded 87.65, 92.2 and 84.7% of applied CM within 28 days and degraded it 

completely in 35 days. The increase of pesticide degradation in planted soil could be due to 

greater pesticide degrading activity of microbes. Plant roots excrete exudates that can serve as 

carbon source for microbial growth which in turn degraded pesticide at accelerated rate. In 

several studies, the plant seedlings have been protected from toxic effects of different 

pesticides by bioaugmenting the soils with pesticide degrading bacteria (Gangadhara and 

Kunhi, 2000; Bidlan et al., 2004) 

These bacterial strains possess not only pesticide degrading capacities that lower the toxic 

effects of these pesticides on plants but also various other traits that helped in plant 

promotion. These traits included production of phytohormones such as IAA that enhance cell 

growth, solubilization of phosphate for root uptake and N2-fixation for plant uptake. Implying 

the efficient biodegradation potential along with multiple biological properties, these isolates 

can be valuable candidates for bioremediation of contaminated soils. 
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CHAPTER 8 

DISCUSSION 

With the advancement of industrialization more and more toxic and xenobiotic compounds 

such as PCBs, PAHs, heavy metals and pesticides are added to the environment. Pesticides 

are toxic chemical compounds used to kill insects and weeds to control vector borne diseases, 

to protect crops and vegetables and for urban pest control. However, the unregulated and 

unsystematic use of pesticides exerts adverse effects on human health, different life forms 

and to the ecosystems. Organophosphates (OP) and Synthetic Pyrethroids (SPs) class of 

insecticides are currently in use for insect control of agricultural crops and cattle treatment. 

Chlorpyrifos (CP) and cypermethrin (CM) are important insecticides which belong to OP and 

SPs class, respectively. CP strike insects by halting their CNS by inhibiting AChE enzyme, 

however, it acts similarly in non-target organisms and possess high mammalian toxicity (Lu 

et al., 2013). CM acts on CNS of insects by prolonged opening of Na
+
 channels but it also 

effects non-target organisms and is highly toxic for aquatic life (Ma et al., 2013). The 

residues of these pesticides and their metabolites have been frequently detected in soils, 

sediments, water bodies and agricultural products (Weston et al., 2009; Li et al., 2011; 

Dhakal et al., 2014; Yuan et al., 2014). All these concerns require the removal of CP and CM 

from the environment. Physico-chemical processes used for the removal of pesticides are 

often expensive and results in accumulation and transfer of residues in various media. 

Therefore, biodegradation using indigenous microorganisms with pesticide metabolic 

abilities seems to be safe, efficient, commercially and environmentally favorable (Maya et 

al., 2012). Although chlorpyrifos and cypermethrin biodegradation using microorganisms 

have been studied worldwide (Zhang et al., 2010; Maya et al., 2011; Chen et al., 2012a; Lu et 

al., 2013). Comparatively, little work has been done to explore CP or CM degrading 

microbes in Pakistan. Therefore, this study was designed to obtain potential indigenous CP 

and CM-degrading bacterial strains from Pakistani agricultural soils.  

Soil samples from five different locations in Punjab (Pakistan), with history of extensive 

chlorpyrifos or cypermethrin application over the past 15 years were used for enrichment of 

potential CP or CM degrading bacteria. Bacterial isolates were obtained by dilution plating of 

enrichment cultures. From the Lahore rice field (LRF) ten CP-degrading (LCp1, LCp2, 

LCp4, LCp5, LCp6, LCp8, LCp9, LCp10, LCp11 and LCp 12) and three CM-degrading 

(LCm1, LCm3 and LCm7) isolates were obtained. Whereas seven CM-degrading (JCm1, 
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JCm2, JCm3, JCm4, JCm5, JCm7 and JCm8) and three CP-degrading (JCp3, JCp4 and 

JCp15) isolates were obtained from Jhang cotton field (JCF). From the Multan cotton field 

(MCF) two (MCp3 and MCp4) and three (MCm1, MCm4 and MCm12) while from 

Faisalabad sugarcane field (FSF) two of each CP (FCp1 and FCp6) and CM-degrading 

(FCm2 and FCm9) isolates were obtained. From the Renalakhurd cotton field (RCF) three 

CM-degrading (RCm2, RCm6 ads RCm11) and one CP-degrading (RCp2) isolate was 

selected (Chapter 3, Table 3.1). Usually an array of pesticides is sprayed in agricultural fields 

which may result in adaptation of different microbes to different pesticides. The higher 

number of CP-degrading isolates obtained from LRF might be due to high usage of CP in rice 

paddy fields as compared to cypermethrin. On the other hand CM is mostly used in cotton 

crops that might have resulted in higher diversity of CM-degrading isolates from JCF. 

Different chlorpyrifos degrading microbes have been isolated from rice paddies and other 

agricultural fields in earlier studies (Lakshmi et al., 2008; Li et al., 2008; Rani et al., 2008; 

Liang et al., 2011; Singh et al., 2011; Abraham and Silambarasan, 2013). Few studies have 

also reported the isolation of CM-degrading microbes from agricultural fields (Tallur et al., 

2008; Dubey and Fulekar, 2013) but in most of the cases these have been isolated from 

activated sludge (Lin et al., 2011; Zhang et al., 2011a; Chen et al., 2012b; Zhai et al., 2012; 

Ma et al., 2013). Bacteria have evolved more than three billion years ago and have developed 

ability to obtain energy from nearly every compound. The affluence of bacteria along with 

abilities such as horizontal gene transfer and high growth rate allow them to evolve quickly 

and adapt to changing environments (Lorenzo De, 2001).  

Majority of the CP degrading isolates were Gram-negative rods while two isolates were 

Gram-negative cocci (LCp6 and MCp4) and one isolate was Gram-positive rod and spore 

former (LCp11). Along with many Gram-negative rods, few CM-degrading isolates were also 

Gram-positive rods and spore formers (LCm3, JCm2, FCm2, FCm9 and RCm11), Gram-

negative cocci (JCm5 and MCm4) and Gram-positive cocci (LCm1). The three criteria for 

selection of potential of CP or CM-degrading strains were (i) growth of isolates on CP or CM 

supplemented gradient plates (ii) minimum inhibitory concentration of these pesticides and 

(iii) extent of pesticide degradation. Their degradation potential was further confirmed by 

analyzing reduction in concentration of pesticide applied and formation of metabolites 

through TLC and HPLC. Bacterial isolates LCp2, LCp4, LCp5, LCp8, LCp9, LCp10, LCp12, 

JCp4, MCp3, MCp4 and FCp1 exhibited most effective growth on CP supplemented gradient 

plate and showed MIC of CP upto highest CP concentration applied (500 mgL
-1

). 
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Chromatographic analysis of degradation using TLC revealed degradation of CP and 

appearance of degradation product TCP. Spots with Rf values 0.9 and 0.77 were observed on 

TLC chromatograms; these spots corresponded to CP and TCP standards, respectively. HPLC 

analysis of CP degradation by these isolates showed appearance of different peaks (RT 2.82, 

2.12, 3.90, 4.26 and 4.78 mins) other than CP (RT 6.07). The peak with RT 2.82 

corresponded to standard TCP and other peaks might represent other metabolites. The 

concentration of CP determined by peak areas showed 20-80% reduction in CP concentration 

by different isolates. The isolates LCp2, LCp4, LCp5, LCp8, LCp9, LCp10, JCp4, MCp3, 

MCp4 and FCp1 were more efficient in CP degradation and utilized 53-84.4% CP and were 

selected for further studies.  

CM-degrading isolates LCm3, JCm1, JCm2, JCm5, JCm7, MCm4, MCm5, FCm2, FCm9, 

and RCm6 exhibited most effective growth on CP supplemented gradient plate and MIC of 

CM for these isolates was found to be upto highest CM concentration applied (500 mg L
-1

). 

Chromatographic analysis of degradation using TLC revealed degradation of CM and 

appearance of different degradation products. Only one additional spots were observed on 

TLC lanes of isolate LCm1, LCm7, JCm3, JCm4 and RCm11 which corresponded to 3-PBA. 

While four additional spots were observed on TLC lanes of other strains which corresponded 

to CM and 3-PBA, phenol and catechol. HPLC analysis of CM-degradation showed peaks 

with retention times 5.97, 2.92, 3.77 and 3.24 mins which were same as peaks of CM, 3-PBA, 

phenol and catechol, respectively. HPLC chromatograms of isolates LCm1, LCm7, JCm3, 

JCm4 and RCm11 showed peaks at RT 5.97, 2.92 and 2.51 mins which corresponded to CM, 

3-PBA and an unknown metabolite. While other isolates exhibited additional peaks at RT 

3.77, 3.24 and 4.9 mins which were related to phenol, catechol and an unknown metabolite, 

respectively. Phenol and catechol are degradation products of 3-PBA and their appearance in 

TLC and HPLC profiles of respective strains showed their ability to utilize 3-PBA as well. 

The concentration of CM determined by peak areas showed 15-100% reduction in CM 

concentration by different isolates. On the basis of additional spots and peaks and greater 

reduction in peak areas the isolates LCm3, JCm1, JCm2, JCm5, JCm7, MCm4, MCm5, 

FCm2, FCm9, and RCm6 were selected for further studies.  

The bacterial isolates were further characterized according to their biochemical characters 

and genetic markers such as antibiotic and heavy metal resistance. Biochemical profiles of 

isolates revealed that catalase and oxidase activities, motility and glucose and citrate 

utilization were common among most of the isolates. Most of the isolates showed nitrate 
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reduction and indole production ability. Variable results were exhibited by these isolates for 

other tests such as MR-VP, urease, gelatin, starch and casein hydrolysis and sugar 

fermentation (Chapter 3, Table 3.8). Morphological and biochemical characteristics of these 

isolates indicated their affiliation with genera Pseudomonas, Bacillus, Sphingomonas, 

Paracoccus and gram negative bacilli. However, for exact identification 16S rRNA 

ribotyping was used. Antibiotic and heavy metal resistance had revealed that significantly 

higher portion of selected bacterial isolates were antibiotic (ampicillin, tetracycline, 

chloramphenicol, kanamycin and novobiocin) and heavy metal (Cr
3+

, Co
2+

, Cu
2+

, Ni
2+

, Cd
2+

 

and Zn
2+

) resistant. It suggests that these isolates might have been exposed to antibiotics and 

heavy metals previously which in turn indicated the contamination of environment with these 

compounds. It has been reported that resistance often occurs for a range of antibiotics rather 

than for a specific antibiotic only (Walsh, 2000). Environmental release of antibiotics and 

heavy metals is a major concern and their global production and emission is rapidly 

increasing as well (Han et al., 2002; Elander, 2003). Although most antibiotics are degraded 

in the environment but metals are not and so represent a long term selective pressure. The 

most likely mechanisms underlying this indirect selection are microbial co-resistance 

(multiple resistance genes located on the same genetic element) and cross-resistance (same 

gene responsible for broad range of antibiotics and metal) (Baker et al., 2006). The high 

frequency of antibiotic and metal resistance in these bacterial strains could be explained by 

the genetic linkage of these traits on the same plasmids or on the transmissible plasmids. 

Similarly, in earlier studies different pesticide degrading microbes have been found resistant 

against an array of metals and antibiotics (Bahig et al., 2008; Ao-Amer et al., 2013). 

In general, the comparison of the 16S rRNA gene sequences allows differentiation between 

organisms at the genus level across all major phyla of bacteria, in addition to classifying 

strains at species level (Clarridge, 2004). The sequences obtained were rechecked manually 

for errors and the data was refined for BLAST analysis. The highest homology matches 

returned from BLAST searches and phylogenetic analysis helped in assigning species to most 

of the strains. CP-resistant strains were identified as Pseudomonas putida LCp2, 

Pseudomonas mendocina LCp8, Pseudomonas aeruginosa LCp9, Pseudomonas 

oryzihabitans MCp3, Acinetobacter calcoaceticus LCp4, Stenotrophomonas maltophilia 

LCp5, Achromobacter xylosoxidans JCp4, Sphingomonas sp. LCp10, Paracoccus sp. MCp4 

and Ochrobactrum sp. FCp1. Phylogenetic tree of CP-resistant isolates indicated ten clusters 

that were divided in three different groups; α-Proteobacteria (LCp10, MCp4 and FCp1), , β-
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Proteobacteria (JCp4) and γ-Proteobacteria (LCp2, LCp4, LCp5, LCp8, LCp9 and MCp3).  

CM-resistant strains were identified as Bacillus cereus LCm3, Ochrobactrum anthropi JCm1, 

Bacillus megaterium JCm2, Rhodococcus sp. JCm5, Ochrobactrum haematophilum JCm7, 

Paracoccus sp. MCm4, Acinetobacter calcoaceticus MCm5, Bacillus megaterium FCm2, 

Brevibacillus parabrevis FCm9 and Sphingomonas sp. RCm2. Phylogenetic tree of CM-

resistant isolates indicated nine clusters that were divided in four different groups; α-

Proteobacteria (JCm1, JCm7, MCm4 and RCm6), γ-Proteobacteria (MCm5), Firmicutes 

(LCm3, JCm2, FCm2 and FCm9) and Actinobacteria (JCm5). 

Degradation of chlorpyrifos and cypermethrin by bacterial strains in mineral salt medium was 

growth-linked phenomenon where pesticides provide carbon and energy source for organisms 

to grow in number and at the same time the chemical disappears at the rate that parallels the 

increase in cell number. CP and CM degradation followed first order reaction and therefore, 

kinetics were calculated using equation Ct =C0 x e
_kt

. CP was degraded at rate of 4.9-7.9 mg 

L
-1

 d
-1

 while degradation rate of CM varied from 5.8 to 12.15 mg L
-1

 d
-1

 in mineral medium. 

The half life of CP and CM degraded by bacterial isolates was also variable and ranged from 

4.3-8.6 days for CP and 1.88-8.25 for CM. CP and CM-degradation rate constant (k) by 

bacterial strains ranged from 0.099 to 0.16 d
-1

 and 0.084 to 0.368 days, respectively. Among 

CP-degrading bacterial strains A. xylosoxidans JCp4 (7.9 mg L
-1

 d
-1

), Ochrobactrum sp. FCp1 

(7.3 mg L
-1

 d
-1

), A. calcoaceticus LCp4 (7.11 mg L
-1

 d
-1

) exhibited highest CP-degradation 

rate followed by P. mendocina LCp8 (6.7 mg L
-1

 d
-1

), P. aeruginosa LCp9 (6.4 mg L
-1

 d
-1

) 

and P. oryzihabitans MCp3 (6.3 mg L
-1

 d
-1

) (Chapter4, Table 4.1). CM was degraded at 

highest rate by B. parabrevis FCm9 (12.15 mg L
-1

 d
-1

) and Rhodococcus sp. JCm5 (9.6 mg L
-

1
 d

-1
) followed by A. calcoaceticus MCm5 (8.27 mg L

-1
 d

-1
), Sphingomonas sp. RCm6 (8.96 

mg L
-1

 d
-1

) and O. anthropi JCm1 (8.65 mg L
-1

 d
-1

) (Chapter4, Table 4.1). The type and 

concentration of pesticides and microorganisms effecting degradation determine the kinetic 

constants. Whereas, the kinetic characteristics depend upon microbial physiology and 

intrinsic characteristics and the existing ecological conditions; these are therefore variable 

and difficult to reproduce (Maya et al., 2011).  

HPLC analysis of pesticide degradation as well as ability of microbes to degrade metabolic 

products were used to study extent of CP and CM degradation by selected bacterial strains. 

HPLC analysis of CP-degradation and resulting metabolites indicated that first step of 

metabolic pathway was hydrolysis of O-P ester linkage to produce 3, 5, 6-trichloro-2-

pyridinol (TCP) and diethylthiophosphoric acid (DETP). The HPLC chromatograms of P. 
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putida LCp2, S. maltophilia LCp5 and Sphingomonas sp. LCp10 showed consistent 

appearance of TCP while in chromatograms of other strains TCP disappeared subsequently. 

All CP-degrading strains except LCp2, LCp5 and LCp10 also utilized TCP as sole source of 

carbon when grown in TCP supplemented media. Singh et al. (2004) reported that CP-

degrading Enterobacter sp. was able to utilize DETP as C and energy source but failed to 

metabolize TCP. In earlier studies bacterial strains degrading both CP (through ester 

hydrolysis) and TCP have been reported (Yang et al., 2005; Li et al., 2007a; Anwar et al., 

2009; Lu et al., 2013). It is suggested that TCP is further metabolized by reductive 

dechlorination to yield chlorodihydro-2-pyridone and dihydroxypyridine (Singh and Walker, 

2006) or 3,6 dihydroxypyridine-2,5-dione (Cao et al., 2013). TCP is antimicrobial in nature 

and is more soluble in water and can cause widespread aquatic contamination, therefore, its 

degradation is also necessary. This suggested that CP-degrading strains Acinetobacter 

calcoaceticus LCp4, Pseudomonas mendocina LCp8, Pseudomonas aeruginosa LCp9, 

Pseudomonas oryzihabitans MCp3, Achromobacter xylosoxidans JCp4, Paracoccus sp. 

MCp4 and Ochrobactrum sp. FCp1 were able to degrade CP beyond TCP and could prove to 

be potential candidates for CP bioremediation. Cypermethrin was first catabolized by 

hydrolysis of ester linkage to yield 3-phenoxybenzoic acid (3-PBA) and an unknown 

metabolite as indicated by HPLC analysis of cultures from initial days. Few other peaks 

appeared in the HPLC chromatograms of later day cultures and were found to be related to 

phenol, catechol and few other unknown metabolites. This showed that 3-PBA was later on 

metabolized by diphenyl ether cleavage to yield protochatechuate and phenol that undergo 

ortho-cleavage to give catechol. Metabolite degradation study exhibited that all CM-

degrading strains were also able to degrade 3-PBA, and catechol. In earlier studies various 

bacterial strains such as Micrococcus sp, Streptomyces aureus, Ochrobactrum lupini, have 

been reported to degrade CM and its metabolites (Tallur et al., 2008; Chen et al., 2011a; 

Chen et al., 2012a). 

Addition of glucose and succinate as a supplementary C source significantly enhanced CP 

and CM degradation by most of strains by 22-35%. The glucose and succinate as immediate 

energy sources enhanced cell growth which in turn increased CP and CM degradation. 

Similar enhanced degradation of pesticide by adding carbon source has been reported in 

earlier studies (Cycon et al., 2009; Pino and Peñuela, 2011). It can also be assumed that 

organisms not only metabolized pesticides but also co-metabolized them in the presence of 

other C source as observed before for degradation of pesticides (Chen et al., 2012b). The 
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selected bacterial strains showed degradation of CP or M on wide range of pH (5-9) and 

temperature (25-42°C), however, the optimum degradation was observed at pH7 and 30°C. 

The mild acidic (pH6) or basic (pH8) conditions slightly reduced the percentage of CP (14-

17% and 537-10.5%) and CM (10-20.8% and 8.6-15.45%) degradation. Whereas more acidic 

(pH5) or basic (pH9) conditions greatly reduced the CP (60-68% and 48-62%) and CM (57-

70% and 60-66.8%) degradation potential of microbes. The reason for reduction in pesticide 

degradation at lower or higher pH can be due to decreased activity of enzymes involved in 

pesticide degradation at acidic or basic conditions. In earlier studies, similar effects of pH 

changes on pesticide degradation by microbes have been observed (Chen et al., 2012b; 

Jabeen et al., 2014). Regarding temperature, 30-40% decrease in pesticide degradation was 

noted at 25°C and 40°C, while degradation potential was further decreased to 60-75% at 

20°C. This can be explained by the fact that generally, 25-35°C is the optimum temperature 

for enzymatic activities in soil and temperature range for pesticide degradation can occur at 

25-40°C (Chowdhury et al., 2008).  

The determination of substrate range of bacterial strains revealed their ability to degrade 

structurally similar and variable pesticides. For example, CP-degrading strains A. 

xylosoxidans JCp4 and Ochrobactrum sp. FCp1 were able to degrade carbofuran and 

cypermethrin along with triazophos and profenophos. Similarly, CM-degrading O. anthropi 

JCm1 and Rhodococcus sp. JCm5 degraded deltamethrin, bifenthrin and λ-cyhalothrin as 

well as carbofuran and chlorpyrifos. The isolation sources of these bacteria were agricultural 

soils which had also been sprayed with carbamates and pyrethroids that might be the reason 

for parallel adaptation of bacteria to pesticides of different structures. Presence of enzyme 

with extensive substrate range can also be the possible reason for this ability. For example, 

bacterial Phosphotriesterases have been reported to hydrolyze P-S, P-F, P-CN and C-O bonds 

in addition of hydrolyzing P-O bonds (Scott et al., 2008). The pesticide biodegradation ability 

of microbes is directly linked to their long-term adaptation in the contaminated environments; 

studies have been carried out to study microbial diversity at such sites in search of organisms 

that can degrade a wide range of pesticide pollutants. In earlier studies, Chanika et al. (2011) 

have reported isolation of P. putida that was able to hydrolyze both carbamates and 

pyrethroids. Wang et al. (2012) described the isolation of methyl parathion and p-nitrophenyl 

degrading Agrobacterium sp. Yw12 that also degraded phoxim, carbofuran, deltamethrin and 

atrazine. 
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Combination of enrichment culture and PCR-DGGE was used to analyze the survival and 

proliferation of bacteria in CP or CM enriched environment and to study the changes in 

bacterial diversity during enrichment procedure. DNA from enrichment cultures was used to 

amplify 16S rRNA gene and run through denaturing gradient gels to separate genes with 

different GC content. The profiles revealed that some of the bands were present in initial step 

profiles and disappeared in later steps; these might have been supported by soil particles and 

contaminant C source. Bands which appeared in all enrichment profiles were among the 

consistant members of enrichment culture while those bands which appeared in later steps 

were selected by continual selection pressure of CP or CM. A total of 27 and 21 prominent 

bands were selected from DGGE profiles of CP and CM enrichment cultures, respectively. 

The appearance of these bands in enrichment step profiles is summarized in Table 8.1 and 

8.2. These bands were excised, re-amplified and sequenced. The sequences of these bands 

were searched for homology and phylogenetic tree was constructed using nearest homologus 

sequences. Phylogenetic analysis of DGGE band sequences suggested a shift from complex 

bacterial phyla composition to less complex community during enrichment culturing. 

Comparison of bacterial diversity obtained from DGGE with diversity obtained from dilution 

plating revealed few comparisons and differences as well. A total of 16 bands appeared in 

final CP enrichment step and these were identified based on their sequences as Pseudomonas 

sp. (CP2, CP4, CP5 and CP6), Nitrosomonas sp. (CP3), Acinetobacter sp. (CP8), 

Burkholderia sp. (CP9 and CP14 and CP20), Novosphingobium sp. (CP13), Sphingomonas 

sp. (CP15), Stenotrophomonas sp. (CP16,  and CP18), Agrobacterium sp. (CP19 and CP26), 

and Paracoccus sp. (CP27). Whereas, a total of 10 isolates were obtained from dilution 

plating of final enrichment culture and these isolates were identified as Stenotrophomonas sp. 

LCp1, P. putida LCp2, A. calcoaceticus LCp4, S. maltophilia LCp5, Paracoccus sp. LCp6, 

P. mendocina LCp8, P. aeruginosa LCp9, Sphingomonas sp. LCp10, Bacillus sp. LCp11, and  

Burkholderia sp. LCp12. During DGGE analysis of CM enrichment a total of 17 bands were  

detected in final enrichment step. The sequences of these bands showed their homology to 

Chryseobacterium (CM3), Pseudomonas sp. (CM4, CM5), Bacillus sp. (CM6, CM8 and 

CM9), Acinetobacter sp. (CM7), Brevibacillus sp. CM10, Sphingomonas sp. (CM11, 

CM12and CM15), Stenotrophomonas sp. (CM13), Sinorhizobium sp. CM16, Brevundimonas 

sp. (CM17), Ochrobactrum sp. (CM18) and Rhodococcus sp. (CM20, CM21). However, 

dilution plating of final enrichment culture resulted in isolation of seven strains which were 

identified as O. anthropi JCm1, B. megaterium JCm2, Sphingomonas sp. JCm3,  
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Table 8.1: The presence/absence of bands in 

enrichment culture (EC) steps during 

chlorpyrifos enrichment.   

 Table 8.2: The presence/absence of bands 

in enrichment culture (EC) steps during 

cypermethrin enrichment.   

DGGE 

Bands 

EC 

step1 

EC 

step2 

EC 

step3 

EC 

step4 

 DGGE 

Bands 

EC 

step1 

EC 

step2 

EC 

step3 

EC 

step4 

CP1     CM1     

CP2     CM2     

CP3     CM3     

CP4     CM4      

CP5     CM5     

CP6     CM6     

CP7     CM7     

CP8     CM8     

CP9     CM9     

CP10     CM10     

CP11     CM11     

CP12     CM12     

CP13     CM13     

CP14     CM14     

CP15     CM15     

CP16     CM16     

CP17     CM17     

CP18     CM18     

CP19     CM19     

CP20     CM20     

CP21     CM21     

CP22      

CP23     

CP24     

CP25     

CP26     

CP27     
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Sinorhizobium sp.JCm4, O. hematophilum JCm7, P. aeruginosa JCm8, B. parabrevis JCm9 

and Rhodococcus sp. JCm5.  

It was observed that most of the bacterial strains associated with DGGE bands were isolated 

by dilution plating. These results are in line with previous findings where linuron degrading 

Variovorax strains were found to be among prevailing members in bacterial community of 

enrichment cultures (Sørensen et al., 2005; Breugelmans et al., 2007). Few bacterial strains 

isolated from enrichment culture were not detected in DGGE profiles of the same; it could be 

because often microbes representing minor populations within bacterial `community are  

detected in culture-dependent methods because of their rapid growth on culture media. 

Similar results were observed by Simonsen et al. (2006) who stated that 2,6-

dichlorbenzamide degrading Aminobacter strain was not the dominant member of enrichment 

culture. On the other hand, some of the microbes associated with prominant bands were not 

among the isolated CP or CM-degrading strains; this could be attributed to the deficiency of 

used selection procedure which might have failed to sufficiently cover bacterial diversity of 

final enrichment culture. El-Fantroussi (2000) reported difficulty in isolation of Variovorax 

paradoxus that represented a prominant band in DGGE profile of enrichment culture, rather 

plating of enrichment dilutions favored isolation of Pseudomonas putida.  

Phylogenetic tree showed a shift in microbial community composition of CP-enrichment 

culture from a complex community structure with members of Bacteroidetes, Firmicutes, 

Proteobacteria and Actinobacteria at initial steps to less complex composition with only 

members of proteobacteria during later stages. A shift in bacterial community from complex 

structure at initial stages to simple structure in later stages was observed by Chanika et al. 

(2011) during fenamiphos enrichment. In final stages of CM-enrichment culturing the 

bacterial community was comprised of bacteria affiliated with Proteobacteria, Firmicutes and 

few members of Actinobacteria and Bacteriodetes. Unlike CP-enrichment, the bacterial 

community in CM-enriched culture sustained its bacterial composition throughout 

enrichment duration and and no drastic change was observed in its community structure. 

Further, the enzymatic and genetic basis of CP and CM degradation were studied. The 

expression of degradative enzymes and total protein content was studied by Bradford assay, 

enzyme assays and SDS-PAGE analysis. Bradford assay used to quantify total protein 

content revealed that high content of protein was present in cells grown with CP or CM sole 

C source as compared to cells grown without CP or CM.  The protein content of CP-
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degrading strains ranged from 102.6 to 162.2 µg mL
-1 when grown in the presence of CP, 

whereas in absence of CP bacterial cells yielded lower quantity of protein 88.5-134.3 µgmL
-1

. 

Similarly, CM-degrading strains gave high protein content (137-172.4 µg mL
-1

) when grown 

with CM as compared to protein content of cells (112-135.8 µg mL
-1

) grown without CM. 

This suggested that bacterial strains utilized CP and CM as carbon source and might have 

expressed additional proteins as well.  

Specific enzyme assays for CP and CM degradation were carried out using crude enzyme 

extracts from induced and non-induced cells. The crude lysate of cells grown with CP 

showed higher organophosphate hydrolase enzyme activities (0.82 to 1.25 Units/mg protein) 

as compared to enzyme activities (0.02-0.04 Units/mg protein) of cells grown without CP. 

The highest enzyme activities were given by A. xylosoxidans JCp4 (1.25 U/mg), A. 

calcoaceticus LCp4 (1.23 U/mg) and Ochrobactrum sp. FCp1 (1.21 U/mg) followed by P. 

mendocina LCp8  (1.08 U/mg) and P. aeruginosaa LCp9 (1.02 U/mg). It suggested that CP 

degradation was catalyzed by specific enzyme which was expressed/induced only in the 

presence of CP. The enzymes responsible for degradation of different organophosphates such 

as organophosphate hydrolase (OPH) and methyl parathion hydrolase (MPH) have been 

reported to degrade CP as well. The cleavage of CP at P-O linkage to produce TCP and 

another metabolite suggested that these strains possessed hydrolase enzyme. 

Different enzymes such as carboxylesterase, 3-PBA dioxygenase, phenol hydroxylase and 

catechol-1,2 dioxygenase have been reported to take part in CM degradation. Cell free 

extracts of induced cells showed high enzyme activities whereas no activities were shown by 

extracts obtained from cells grown without CM. The specific activities of these enzymes were 

recorded as 0.68 to 0.911 Units/mg protein for carboxylesterase, 0.715-1.05 Units/mg protein 

for 3-PBA dioxygenase, 1.80-2.26 Units/mg protein for phenol hydroxylae and 3.95-4.77 

Units/mg protein for Catechol-1,2 dioxygenase with cell free extract from CM grown cells. 

Overall, Enzyme extract from Brevibacillus parabrevis FCm9 was most efficient in 

degrading CM and metabolites and showed highest activity for all four enzymes. Other 

strains with high enzyme activities were Rhodococcus sp. JCm5, Sphingomonas sp. RCm6 

and Acinetobacter calcoaceticus MCm5. The expression and activity of these enzymes in cell 

free extract of CM grown cells suggested that these enzymes were only induced in presence 

of CM. Tallur et al. (2008) reported that enzymes involved in CM degradation in 

Micrococcus sp. were induced by growth of organism on CM. Further, they proposed a 

pathway of CM degradation and suggested that CM is hydrolyzed at ester linkage by 
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carboxylesterase to form DCVA and 3-PBA, which is acted upon by 3-phenoxybenzoate 

dioxygenase to cleave diphenyl ether linkage to yield protocatechuate and phenol. Phenol 

hydroxylase converts phenol to catechol by ortho cleavage and finally the ortho cleavage of 

catechol with the help of catechol-1, 2-dioxygenase results in formation of cis,cis-muconic 

acid.  

Protein profiling of pesticide treated and non-treated cells exhibited difference in expression 

of certain bands such as induced expression or inhibition of certain polypeptides and 

enhanced or reduced expression of other proteins. Among CP-degraders most prominent 

difference was appearance of a polypeptide of ~35 kDa in profile of CP-induced cells. Other 

changes included enhanced or reduced expression or complete inhibition of different sizes of 

polypeptides in induced cell’s profiles (Table 8.3). The appearance of ~35 kDa band in CP-

induced cells might correspond to OP degrading hydrolase (OPH). An OP hydrolyzing 

enzyme named methyl parathion hydrolase (MPH) of molecular mass 35 kDa has been 

identified from various OP degrading bacteria (Fu et al., 2004; Li et al., 2007a). Among CM-

degrading bacterial strains certain polypeptides appeared differently in cells grown with CM. 

A set of five to six polypeptides in the range of ~35-10 kDa exhibited de novo expression in 

induced cells while certain other polypeptides gave enhanced expression. Other differences 

included complete inhibition or reduced expression of few polypeptides in profiles of induced 

cells. The differences observed between treated and non-treated cells were unique to certain 

strains while similar differences were observed in other strains (Table 8.4). Induced 

expression of different proteins in CM-treated cells might correspond to enzymes responsible 

for cypermethrin and metabolite degradation. Studies regarding CM-degradation describes 

only the purification and structural elucidation of pyrethroid hydrolases, such as PytZ (25 

kDa) from Ochrobactrum anthropi YZ-1 (Zhai et al., 2012) and PytH (31KDa) from 

Sphingobiupm JZ-2 (Guo et al., 2009). However, Phenol hydroxylase (41 kDa) and Catechol-

1, 2- dioxygenase (34 kDa) have been studied for phenol degradation and appear to be in 

range of 30-40 kDa (Ehrt et al., 1995; Kirchner et al., 2003). Besides degradative enzymes 

induced polypeptides may correspond to induction of membrane proteins for uptake of 

chemicals or stress response proteins. 

Organophosphorus degrading gene (opd) encodes enzyme organophosphate hydrolase (OPH) 

while methyl parathion degrading (mpd) gene encodes enzyme methyl parathion hydrolase 

(MPH). To know whether OPH) or MPH is involved in CP degradation by selected bacterial 

isolates, the respective genes (opd and mpd) were amplified with the help of primers designed 
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Table 8.3: Size of protein bands appeared differently in SDS-PAGE profiles of 

chlorpyrifos treated              cells.  

Changes 

Size of proteins (kDa)/CP-degrading strains 

LCp2, 

LCp8 and 

JCp4 

LCp4 MCp3 
LCp5, LCp9 

and FCp1 
MCp4 LCp10 

Induced 

expression 
~35 

~85, ~70, 

~35, 

~23.5  

~35 
~70, ~40, 

~35, ~30 

~90, ~60, 

~48, ~35 

~56, ~55, 

~35, ~25 

Inhibited 

expression 
~80, ~20 ~25, ~21 ~42 ~25, ~22  ~54 

Enhanced 

expression 
~42, ~21  

~50, ~48, 

~45, ~40   

~72, 

~45 
 

~115, ~110, 

~78, ~52, 

~50, ~45, 

~42, ~38 

~140, 

~48, ~45, 

~40, ~38 

Reduced 

expression 
   

~40, ~42, 

~62, ~152 
  

 

Table 8.4: Size of protein bands appeared differently in SDS-PAGE profiles of 

cypermethrin treated cells. 

Changes 

Size of proteins (kDa)/CM-degrading strains 

LCm3,  JCm2, 

FCm2 and 

FCm9 

MCm5 RCm6 
JCm5, 

MCm4 

JCm1, 

JCm7 

Induced 

expression 

~38, ~32, ~20, 

~18, ~15.5, 

~10 

~35,~27,~20, 

~18, ~17, 

~10 

~35, ~33, ~32, 

~20, ~19, ~10 

~37, ~35, 

~20, ~17.5, 

~12.5 

~50, 

~30,~28, 

~20, ~18, 

~12.5 

Inhibited 

expression 
~80, ~20 ~21, ~25 ~40 ~120, ~48 ~125 

Enhanced 

expression 
~42, ~27 

~190, ~42, 

~40, ~25, 

~17, ~15, 

~14, ~12 

~190, ~80, 

~50, ~42, ~40, 

~25, ~17, ~16, 

~14, ~12 

~45,~27, 

~22, ~19-16 

~45, ~35, 

~17, ~16, 

Reduced 

expression 
    

~80, ~40, 

~23 
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from already reported sequences of genes. The amplified products were obtained with both 

primer sets (Mpd-f292, Mpd-r648 and Mpd-f109, Mpd-f993) of mpd gene. The amplified 

product showed 98-99% homology to existing mpd genes. It showed that MPH was involved 

in hydrolysis of CP by bacterial isolates. The 98-99% homology of mpd gene to existing gene 

sequences showed that some mutation might have occurred in genes from selected strains. 

The amino acid sequence analysis of enzyme can provide further insight into enzyme's 

configuration and hydrolytic activity. In an earlier report Li et al. (2007a) isolated 1053bp 

mpd gene from Sphingomonas Dsp-2 with 26 substitution and addition of one amino acid 

which resulted in improved hydrolytic ability and stabilized enzyme conformation. The 

primer sets for pyt gene did not amplify any product, it might be due to presence of a gene 

and enzyme with sequence different from earlier reported genes. Although, the pyrethroid 

degrading genes have been reported earlier, yet none of the submitted sequences are similar. 

Usually the construction of genomic libraries followed by identification of pyrethroid 

degrading genes have been used for identification of these genes. The presence of inductive 

cypermehrin degrading enzymes in selected strains opens way for further research where 

CM-degrading enzymes can be studied using techniques for protein extraction, purification 

and sequencing. The genes encoding CM-degrading enzymes could also be studied with the 

help of genomic library construction and gene expression.   

The most potential CP (LCp4, LCp5, LCp8, LCp9, JCp4 and FCp1) and CM (JCm1, JCm2, 

JCm5, MCm5, FCm9 and RCm6) degrading bacterial strains were selected for soil 

bioremediation studies. The pesticide degrading capacity of microbes was checked in sterile 

and non-sterile soils. . CP was degraded at the rate of 3.69-4.57 mg kg
-1

 d
-1

 in sterile soils and 

the rate of 4.31-4.76 mg kg
-1

 d
-1

 in non-sterile soils. Cypermethrin was degraded by CM-

degrading strains at the rate of 3.76-4.68 mg kg
-1

 d
-1

 in sterile soils while degradation rate in 

non-sterile soils was 4.13-5.63 mg kg
-1

 d
-1

. The rate of pesticide degradation was slow in soils 

as compared to in liquid culture conditions. Bacterial strains degraded CP in liquid medium at 

rate of 4.9-7.9 mg L
-1

 d
-1

 while degradation rate of CM varied from 5.8 to 12.15 mg L
-1

 d
-1

 in 

mineral salt medium. In earlier reports, the slower degradation of pesticides was observed in 

soil as compared to liquid media. For example, bacterial strains degraded diazinon at the rate 

of 2.85-3.2 mg L
-1

 d
-1

 in liquid media while the degradation rate was reduced to 1.68-1.93 mg 

kg
-1

 d
-1 

in soil  (Cycon et al., 2009). Slower degradation of CP or CM in soils as compared to 

liquid media might be due to influence of various soil parameters such as soil moisture, 

organic content and soil structure. CP and CM being hydrophobic in nature tends to adsorb at 
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soil surfaces and solid phase of organic matter thus limiting its availability to microbes and 

slowing down the process of degradation. Liang et al. (2011) have found that CP displayed 

high affinity for sorption to soil particles. Similarly, Ogram et al. (1985) reported that 

sorption to soil particles restricted biodegradation of 2,4-D, whereas it was degraded in 

solution phase by bacteria. Although sorption to soil limits biodegradation, soil moisture 

positively influence pesticide degradation by regulating microbial mobility and proliferation 

and solute diffusion (Singh et al., 2006). Another reason behind the slow degradation rate is 

soil can be higher concentrations (200 mg kg
-1

) of CP and CM applied to soil as compared to 

liquid media (100 mg kg
-1

), the higher pesticide concentration might have hindered the initial 

catabolic activities of microbes in soil. As studied by Fang et al. (2009) that high CP 

concentration provoked inhibitory effects on microbes, though duration of repressing effects 

on microbial functional diversity was temporary. 

The pesticide degrading strains were also evaluated for additional abilities such as plant 

growth promoting traits. The PGP traits evaluated included indole acetic acid (IAA) 

production, phosphate solubilization and ammonia production. Furthermore, the effect of CP 

and CM addition on these traits was also evaluated and finally, the best strains were tested in 

pots to enhance growth of Vigna unguiculata plants. The bacterial strains 

exhibitedconsiderable potential for IAA and NH3 production and phosphate solubilization. 

The IAA produced by different bacterial strains in tryptophan (50-150 µgmL
-1

) supplemented 

media ranged from 9.3 µgmL
-1

 to 27.3 µgmL
-1

. The PS index calculated for these strains 

varied from 3-4.2 and NH3 production was also found to be positive for these strains. Diverse 

soil bacteria have been reported for possessing traits associated with plant growth promotion 

and are in use for crop production since decades. These microbes are important determinants 

of plant health and soil fertility (Hayat et al., 2010). Bacteria use phytohormones such as 

auxin and IAA to interact with plant as colonization strategy and can also use these as 

signaling molecule that can have direct effect of plant physiology (Spaepen et al., 2007). The 

production of low molecular weight acids, mainly gluconic and keto gluconic acids and 

chelating oxyacids from sugars are associated with phosphate solubilization. These acids are 

produced in the periplasm of bacteria through a direct oxidation of glucose. These organic 

acids diffuse freely outside the cell and may release high amount of phosphorus from mineral 

phosphates by supplying both protons and metal complexing organic acid anions resulting in 

acidification of region adjacent to the cell (Rodrı́Guez and Fraga, 1999).  
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The presence of pesticides CP and CM affected microbial activities and reduced IAA 

production and phosphate solubilization to certain extent. The effect of 100-200 mgL
-1

 CP 

and CM was evaluated and these appeared to be inhibitory to different microbial activities. 

CP was more harmful and reduced IAA and PS to greater extent as compared to CM and 

higher concentration of these pesticides had more negative effect than lower concentrations 

(Figure 8.1).  

 

 

 

Figure 8.1: Effect of CP and CM addition on IAA production (A) and phosphate 

solubilization (B) by CP and CM-degrading bacterial strains. Values are the 

means of three replicates and error bars represent the standard deviation. 
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The reduction in IAA was observed to be 2.65-7.5% (100 mg L
-1

 CP) and 9.2-23% (200 mg 

L
-1

 CP) with chlorpyrifos and 0-3.5 (100 mg L
-1

 CM) and 9.8-15.1% (200 mg L
-1

 CM) with 

cypermethrin. The phosphate solubilization was reduced upto 4.5-7.7% (100 mg L
-1

 CP) and 

9-23% (200 mg L
-1

 CP)  with chlorpyrifos and 0-6.3% (100 mg L
-1

 CM)  and 9.1-14.7% (200 

mg L
-1

 CM) by addition of cypermethrin. Pesticides can have inhibitory effects on soil 

microbiological activities when applied above recommended dose (Madhaiyan et al., 2006). 

Rangaswamy et al. (1994) also reported that cypermethrin and other pesticides inhibited soil 

protease and dehydrogenase activities when applied above recommended dose. 

In bioremediation set up the potential of selected bacterial strains to degrade respective 

pesticides in planted soils was also analyzed. The pesticide degradation was enhanced to 

certain extent in planted soils as compared to non planted soils. CP degradation was enhanced 

upto 10.8, 8.14 and 3.14% by LCp4, JCp4 and FCp1, respectively. Likewise, an increase of 

9.7, 8.6 and 10.8% was observed in degradation of CM in planted soil by JCm5, FCm9 and 

RCm6, respectively. The biodegradation potential of selected bacterial strains in soils was 

significantly much higher than the potential degradation of soil native microbes. Although 

pesticide degradation was observed in non-inoculated non-sterile soils, the capacity of non-

sterile soils to degrade pesticides was enhanced greatly by  addition of potential bacterial 

strains (Chapter 7; Table 7.1 and 7.2). CP degradation was enhanced in inoculated soils upto 

155.3, 179.2, and 180.5% by Acinetobacter calcoaceticus LCp4, Achromobacter 

xylosoxidans JCp4 and Ochrobactrum sp. FCp1 as compared to non-sterile soils. The % 

increase observed in CM degradation in inoculated soils over soils with native microbes was 

151, 145.4 and 155.3% by JCm5, RCm6 and FCm9 (Figure 8.2). These  results indicated the 

ability of bacterial strains to remediate contaminated soils. The pesticide degrading ability of 

bacterial strains was further enhanced in planted soils (Chapter 7; Table 7.7). An 

enhancement of 8.66 and 16% was observed in biodegradation of CP and CM by native 

microbes in planted soils. The CP-degradation ability of LCp4, JCp4 and FCp1 increased 

upto 188, 204, and 189.6% in planted soils, likewise CM degradation was accelerated upto 

153.6, 147.6 and 161.9% by JCm5, FCm9 and RCm6 in planted soils (Figure 8.2). The 

enhanced degradation capacity of strains in planted soil might be due to utilization of plant 

exudates as carbon source by microbes that has enhanced bacterial growth and in turn 

pesticide degradation. This exhibits the potential of isolated strains to be used for remediation 

of contaminated soils. 
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Figure 8.2: Percentage increase in degradation of CP and CM in different microbiologically 

active non-sterile soils and non-sterile planted soils. Symbols: nSS, non-sterile 

soil; PS, planted soil. Values are the means of three replicates and error bars 

represent the standard deviation. 

 

The ability of bacteria to improve plant development at the same time was evaluated as well. 

The addition of CP and CM in soils used for sowing Vigna unguiculata had negative effects 

on plants and reduced plant growth. CP addition to soil reduced certain plant parameters such 

as % germination (14.2%), plant height (6.7%), plant fresh weight (18.5%) and plant dry 

weight (35%). Similarly, CM addition to soil decreased plat growth to certain extent and a 

reduction in some plant parameters such as % germination (19 %), plant height (15.14 %), , 

plant fresh weight (7.1%) and plant dry weight (12.5%) was observed (Figure 8.3). While 

enhanced plant growth and pesticide degradation was observed in soils inoculated with 

pesticide degrading strains. An overall increase in % germination, plant height and plant 

weight was observed in plants grown in inoculated soils. CP-degrading strains LCp4, JCp4 

and FCp1 enhanced plant height upto 46-60%, plant fresh weight upto 95-161% and plant dry 

weight upto 87.5-165%. Similarly CM-degrading strains JCm5, FCm9 and RCm6 enhanced 

plant height (32-48.8%), plant fresh (78-192%) and dry (70-210%) weight to significant 

extent (Figure 8.3).  
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Figure 8.3: Percentage increase or decrease in various plant parameters on spiking soil with 

pesticides in inoculated and non-inoculated soils with pesticide degrading strains 

compared to control. Values are the means of three replicates and error bars 

represent the standard deviation.  
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In conclusion, the indigenous CP and CM-degrading bacterial strains isolated from 

agricultural soils belonged to phylogenetially different groups and exhibited excellent 

potential to degrade these pesticides. Biodegradation studies revealed that these strains were 

capable of degrading CP and CM in liquid media as sole carbon source in growth dependent 

manner. The effect of different variables showed that addition of carbon source enhanced 

pesticide biodegradation and pH 7 and 30˚C were optimum conditions for degradation of 

both pesticides. The diversity analysis of enrichment cultures showed a change in community 

structure over the incubation time period and showed that isolated strain were among the 

dominant enrichment members. The capacity of bacterial strains to degrade a range of 

structurally different pesticides was an additional characteristics. The molecular basis of CP 

degradation involved methyl parathion hydrolase (MPH) enzyme and mpd gene was 

amplified from these strains whereas carboxylesterase enzyme system was involved in CM 

degradation. The highest CP-degradation capacity was shown by Achromobacter 

xylosoxidans JCp4, Acinetobacter calcoaceticus LCp4 and Ochrobacturm sp. FCp1 while 

Rhodococcus sp. JCm5, Brevibacillus parabrevis RCm6 and Sphingomonas sp. FCm9 

degraded CM most efficiently. These CP and CM-degrading strains showed remarkable 

potential to degrade these pesticides in liquid media and soil, therefore, can prove to be 

prospective candidates for bioremediation of contaminated environments. These microbes 

also possessed additional abilities for producing phytohormone indole acetic acid, phosphate 

solubilization and ammonia production. When tested for their ability to degrade pesticides in 

planted soils, promising results were obtained for selected strains. The inoculation of soils 

with these strains not only enhanced the pesticide degradation rate but also improved various 

plant parameters such as plant height, weight and germination. Based on the presence of 

multifarious abilities in selected strains, these microbes can be important bioresource for 

solving agro-ecological problems.  
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Abstract The organophosphate pesticide chlorpyrifos (CP)

has been used extensively since the 1960s for insect control.

However, its toxic effects on mammals and persistence in

environment necessitate its removal from contaminated sites,

biodegradation studies of CP-degrading microbes are therefore

of immense importance. Samples from a Pakistani agricultural

soil with an extensive history of CP application were used to

prepare enrichment cultures using CP as sole carbon source for

bacterial community analysis and isolation of CP metabolizing

bacteria. Bacterial community analysis (denaturing gradient gel

electrophoresis) revealed that the dominant genera enriched

under these conditions were Pseudomonas, Acinetobacter and

Stenotrophomonas, along with lower numbers of Sphingomonas,

Agrobacterium and Burkholderia. Furthermore, it revealed that

members of Bacteroidetes, Firmicutes, a- and c-Proteobacteria

and Actinobacteria were present at initial steps of enrichment

whereas b-Proteobacteria appeared in later steps and only Pro-

teobacteria were selected by enrichment culturing. However,

when CP-degrading strains were isolated from this enrichment

culture, the most active organisms were strains of Acinetobacter

calcoaceticus, Pseudomonas mendocina and Pseudomonas

aeruginosa. These strains degraded 6–7.4 mg L-1 day-1 of CP

when cultivated in mineral medium, while the consortium of all

four strains degraded 9.2 mg L-1 day-1 of CP (100 mg L-1).

Addition of glucose as an additional C source increased the

degradation capacity by 8–14 %. After inoculation of

contaminated soil with CP (200 mg kg-1) disappearance rates

were 3.83–4.30 mg kg-1 day-1 for individual strains and

4.76 mg kg-1 day-1 for the consortium. These results indicate

that these organisms are involved in the degradation of CP in soil

and represent valuable candidates for in situ bioremediation of

contaminated soils and waters.

Keywords Chlorpyrifos � Organophosphates �
Biodegradation � DGGE � Consortium � Enrichment

Introduction

Organophosphate pesticides (OPs) are aliphatic, phenyl or

heterocyclic esters of phosphoric acid that are chemically

more reactive and less persistent than organochlorine pesti-

cides and are in widespread use for chemical pest control

(Singh and Walker 2006). Their mode of action depends on

inhibition of acetylcholine esterase (AchE) which results in

nervous and endocrine disruption in insects. However, they

behave similarly in non-target organisms by blocking AchE,

and cause convulsion, paralysis and death in insects and

mammals (Cycoń et al. 2013). Chlorpyrifos (CP) (O,O-die-

thyl-3,5,6-trichloro-2-pyridyl phosphorothioate; CP) is a

chlorinated OP which has been in use since 1960s, mainly for

the control of foliar insects of cotton, paddy fields, pasture,

and vegetable crops (Maya et al. 2011). CP is moderately

persistent in the environment with a reported half-life of

2 weeks to over 1 year, depending on soil characteristics,

organic content, climate and soil pH (Cycoń et al. 2013). CP

degradation occurs through hydrolysis either by photolysis

or microbial activity which converts it to diethylthiophos-

phoric acid (DETP) and 3, 5, 6-trichloro-2-pyridinol (TCP)

(Cho et al. 2009). These metabolites can be broken down

further, the proposed pathway suggests that DETP is
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converted to ethanol and phosphorothioic acid while TCP is

metabolized by reductive dechlorination pathway (Singh

and Walker 2006; Cao et al. 2013). TCP is more toxic and

water soluble than CP that results in extensive contamination

of soil and aquatic environments. Its persistence and anti-

microbial activity tend to prevent proliferation of CP

degrading microbes (Briceño et al. 2012). Therefore, bio-

degradation studies of CP and TCP are equally important.

Microbes in environment possess catabolic versatility to

transform toxic compounds such as pesticides to innocuous

state; this ability is termed as biodegradation. Biodegradation

study for CP detoxification is needed to develop efficient and

cheap biotechnological approaches for bioremediation of

polluted environments. Several bacterial strains have been

studied for CP-degradation, for example, Sphingomonas sp.

(Li et al. 2007), Paracoccus sp. (Xu et al. 2008), Bacillus

pumilus (Anwar et al. 2009) and Cupriavidus sp. (Lu et al.

2013) which have been isolated from contaminated soils,

industrial wastewater as well as polluted sediments. Degra-

dation of CP by microbial consortia derived from enrichment

cultures has also been reported, including simultaneous deg-

radation of chlorpyrifos and methyl parathion using a bacte-

rial consortium (Pino and Peñuela 2011), and development of

a CP-degrading consortium from four bacterial isolates

namely Pseudomonas putida, Klebsiella sp., Pseudomonas

stutzeri and Pseudomonas aeruginosa (Sasikala et al. 2012).

Enrichment culture techniques are normally used for

isolation of pesticide degrading bacteria but they have been

criticized for being biased in selection of rapidly growing

bacteria whose role in in situ bioremediation is uncertain.

Culture-independent molecular biological techniques have

provided a solution to this problem with microbial ecology

and diversity techniques used to study complex microbial

populations in pesticide-contaminated environments.

Enrichment culture methods have also been combined with

molecular ecology techniques to characterize the interac-

tions that occur between pesticide degrading bacteria during

the enrichment process (Chanika et al. 2011; Ferreira et al.

2009) and study the ecological significance of pesticide

degrading isolates (Zhou et al. 2014).

In this study we report the isolation of a number of CP-

degrading bacteria from Pakistani soils using enrichment

culture, and the potential of these isolates to remediate CP

disappearance in liquid culture and in soils, both as indi-

vidual isolates and as a consortium.

Materials and methods

Soil

The soils used in this experiment were collected from an

agricultural field in Lahore (Punjab) having that had been

cultivated with a rotation of rice and vegetables, and had a

history of CP application for more than 10 years. Samples

were collected at 10–20 cm depth from five different areas

of same field, mixed together, transferred to sterile plastic

bags and stored at 4 �C. Before use, the soil was dried and

sieved (2 mm mesh).

Chemicals and media

Technical grade pesticides [CP (98 %), Profenofos (88 %),

Triazophos (85 %), Cypermethrin (92 %) and Bifenthrin

(97 %), Carbofuran (70 %)] were obtained from Ali Akbar

group, Pakistan. Analytical grade CP, TCP and other pes-

ticides were purchased from Sigma-Aldrich. HPLC grade

organic solvents were procured from Merck. 10 % (w/v)

stock solutions of pesticides were made in methanol or

acetone and to enhance solution’s solubility in water it was

mixed with 0.5 % (w/v) Triton X. The same ratio of

methanol/acetone and Triton X was added to the Controls.

Microbial isolations were carried out in minimal salt

medium (MSM, pH 6.8–7.0) containing (gL-1) K2HPO4,

1.5; KH2PO4, 0.5; NaCl, 0.5; (NH4)2 SO4, 0.5; MgSO4-

7H2O, 0.2 and 1009 trace element solution, 10 mL. 1009

trace element solution was composed of (mg L-1) Na2-

EDTA�2H20, 500; FeCl2�4H2O, 143; ZnCl2, 4.7; MnCl2-

4H2O, 3.0; H3BO3, 30; CoCl2�6H2O, 20; CuCl2�2H2O, 1.0;

NiCl2�6H2O, 2.0; Na2MoO4�2H2O, 3.0; and CaCl2�2H2O,

100. For medium solidification 1.5 % of agar was used.

Enrichment, isolation and screening of CP-degrading

strains

10 g of soil was added to 50 mL MSM containing

50 mg L-1 CP and cultured in 250 mL Erlenmeyer flasks

on rotary shaker at 150 rpm incubated at 30 �C. After a

week, 5 mL culture was transferred to fresh MSM with

same CP concentration. Afterwards two successive

Table 1 CP degradation in MSM by strains obtained from agricul-

tural soil by enrichment culture within 10 daysa

Strain Organisms % CP degradationb

LCp2 Pseudomonas putida 48 ± 1.02

LCp4 Acinetobacter sp. 74.6 ± 0.7

LCp5 Stenotrophomonas sp. 60.5 ± 0.6

LCp6 Paracoccus sp. 35.6 ± 0.7

LCp8 Pseudomonas mendocina 69.8 ± 0.65

LCp9 Pseudomonas aeruginosa 67.5 ± 1.5

LCp10 Sphingomonas sp. 50 ± 0.8

LCp12 Burkholderia sp. 42.3 ± 1.1

a Initial chlorpyrifos concentration was 100 mg L-1

b Mean and standard deviation of data, n = 3
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transfers were carried out in fresh MSM with 100 mg L-1

CP as the only source of carbon by subculturing 5 mL

inocula every time and incubating for one week each. After

final transfer, tenfold dilutions of cultures were prepared

and 100 lL of each dilution was spread on minimal agar

plates containing CP (50 mg L-1). Isolated colonies were

purified on CP supplemented nutrient agar. Isolates were

screened on the basis of growth on minimal agar with CP

as sole source of Carbon. Growth of strains was also

monitored in MSM containing 20–100 mg L-1 CP in

shake flasks; after 10 days incubation residues were

quantified by HPLC and growth was determined as OD600.

Four strains, designated LCp4, LCp5, LCp8 and LCp9

(Table 1) were selected for further CP degradation studies.

Taxonomic identification of the bacterial strain

The 16S rRNA gene was amplified using universal primers

27f (AGAGTT TGATCCTGGCTCAG) and 1492R

(TACGGTTACCTTGTTACGACTT) in a reaction mixture

(50 lL) comprising 20 pmol each primer, 25 lL PCR

Master Mix (Thermoscientific) and 20 ng of template

DNA. The PCR reaction was performed with following

cyclic profile: initial denaturation at 94 �C for 1 min,

annealing at 50 �C for 1 min, extension at 72 �C for 2 min

and final extension at 72 �C for 10 min. The amplified PCR

products were purified with thermoscientific GeneJET gel

Extraction Kit and sequenced from Macrogen Korea, using

ABI 3730 automated DNA sequencer.

Biodegradation studies

Inoculum preparation

Seed culture of each isolate was grown in nutrient broth

containing 50 mg L-1 CP, harvested by centrifugation at

4,6009g for 5 min, washed with MilliQ H2O to set an

OD600 of 1.0. Colony forming units (cfu mL-1) of these

suspensions were quantified by dilution plate counting. For

degradation studies cell concentration of 1.6 9 107-

cfu mL-1 or g-1 for pure cultures and 4 9 106 cfu mL-1

or g-1 of each strain for consortium was sued to keep equal

cell number.

Biodegradation of CP and TCP in liquid medium

Shake flask studies were carried out to determine the CP

degrading capacity of the isolated strains. Erlenmeyer

flasks (250 mL) containing MSM (100 mL) amended with

100 mg L-1 of CP were inoculated with bacterial cell

suspension in triplicates. TCP degradation was estimated

by inoculating MSM supplemented with TCP

(25 mg L-1). Where required, glucose was added as a

supplementary carbon source (1 % w/v). The flasks were

incubated at 30 �C with shaking at 150 rpm and an unin-

oculated flask was used as control. For growth studies

1 mL culture was withdrawn for 10 days at interval of

2 days and growth was evaluated as OD600. After 0, 2, 4, 6,

8 and 10 days, culture from control and treated flasks was

centrifuged and supernatant was used for residual pesticide

estimation. After extraction of supernatant with equal

volume of ethyl acetate the pooled organic phase was dried

over anhydrous sodium sulfate and evaporated on a rotary

evaporator at 40 �C under vacuum. The residue was dis-

solved in methanol and final volume was made to 2 mL for

HPLC analysis. The average recoveries of CP and TCP in

liquid media were always found to be between 93 and

98 %.

Substrate range

The ability of consortium to degrade different pesticides

was determined by inoculating MSM supplemented with

additional pesticides such as Profenophos, Triazophos

(organophosphates), Cypermethrin, Bifenthrin (pyre-

throids) or Carbofuran (carbamate) at concentration of

100 mg L-1. The flasks were incubated at 30 �C with

shaking at 150 rpm and uninoculated flasks were used as

control. The extraction and estimation method was same as

described above.

Biodegradation of Chlorpyrifos in soil

Degradation analysis of CP in soils was carried out in

sterilized soil inoculated with individual strains and con-

sortium (SS?inoculum) and non-inoculated non-sterilized

(nSS) and sterilized soils (SS). Samples of 100 g soil were

placed in sterile containers and spiked with CP up to

200 mg kg-1 concentration by adding an acetone solution

of CP to a small portion (10 g) of soil and then mixing it

with the rest of the soil after solvent evaporation. Soils

were inoculated and incubated at 30 �C. Water content was

maintained at 40 % of water holding capacity.

Soil samples were removed at different time intervals (0,

7, 14, 21, 28, 35 and 42 days) and analyzed for residual CP

and TCP. Subsamples of 5 g soils were extracted twice

with 15 mL of acidified acetone [acetone ? water ? conc.

H3PO4 (98:1:1) by shaking on an end-over-end shaker for

4 h and then centrifuging at 4,000 rpm for 30 min. The

combined extracts were evaporated using a rotary evapo-

rator at 45 �C. The residue was redissolved in 1 mL of

methanol–water (90:10 v/v) and filtered through a 0.45 lm

PVDF filter for HPLC analysis. Average recovery of CP

from soil ranged from 94 to 98.5 %.
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High performance liquid chromatography (HPLC) analysis

Residual pesticides were analyzed on a SYKAM HPLC

equipped with a HPLC Pump S 1122, programmable var-

iable-wavelength UV detector S3210, Autosampler S 5200,

delivery system S1122 and Phenomenex C18 reversed-

phase column (150 mm). Detector output was processed by

clarity chromatography data system. Pesticide concentra-

tion analysis was conducted using gradient elution condi-

tions with initial solvent conditions of 100 % solvent A

[methanol: H2O: Acetic Acid] (20:80:0.5) to 100 % solvent

B [methanol: H20: Acetic Acid] (80:20:0.5) in 30 min at a

flow rate of 1 mL min-1. Sample injection volume was

20 lL and detection was performed at 230 nm. The

retention times of CP and TCP were 6.09 and 2.74 min,

respectively. Whereas, Triazophos, Profenophos, Carbo-

furan, Cypermetrin and Bifenthrin were detected at 5.89,

7.52, 2.1, 5.95 and 9.60 min respectively. The calibration

curves of pesticides were made from the serial dilutions of

the samples dissolved in 100 % methanol. The linear range

and the equation of linear regression were obtained

sequentially at 0, 50, 100, 150, 250 and 300 lg mL-1.

Mean areas generated from the standard solution were

plotted against concentration to establish the calibration

equation. The concentration of pesticide residues was

determined on the basis of the peak areas in the chro-

matograms. The limit of detection was found to be

0.08–0.2 lg L-1 or kg-1 and limit of quantification ranged

from 0.5 to 1.6 lg L-1 or kg-1.

Denaturing gradient gel electrophoresis (DGGE)

analysis

DNA extraction from soils and enrichment cultures

DNA was extracted from soil and bacterial culture using

Fastprep DNA extraction from soil adapted from (Yeates

1998). 300 mg of soil (or pellet from 1 mL of enrichment

culture) was processed by bead beating in lysis buffer

(0.1 M NaHPO4–Na EDTA, pH 8.0), and precipitated with

7.5 M potassium acetate, supernatant was mixed with

equal volume of binding Matrix (MP Biomedicals), col-

lected by centrifugation and resuspended in 100–200 lL

TE buffer. Purified DNA was diluted tenfold in MilliQ

H2O prior to use.

Denaturing gradient gel electrophoresis (DGGE) and band

sequencing

Partial eubacterial 16S rRNA gene fragments (V3) were

amplified using primers GC-341f and 518r (Kawasaki et al.

2011) using Xp Cycler (Bioer) thermal cycler. 25 lL

reaction mixture comprised 10 pmol of each primer,

12.5 lL PCR Master Mix (Thermoscientific) and 10 ng of

template DNA. A touchdown protocol was applied with an

initial denaturation at 95 �C (5 min), followed by 10 cycles

of 94 �C (30 s), 65 �C (30 s, -1 �C per cycle) and 72 �C

(30 s); and then 20 cycles for 95 �C (30 s), 50 �C (30 s)

and 68 �C (30 s), followed by a final extension at 68 �C

(5 min).

DGGE was carried out using a D-code 16 cm 9 16 cm

electrophoresis chamber (Bio-Rad) (Cunliffe and Kertesz

2006), casting the gels with a linear denaturant gradient of

30–60 % [40 % (v/v) formamide, 7 M urea]. Gels were

loaded with DGGE PCR products (*200 ng per sample),

run at 63 V and 60 �C for 16 h, stained with SYBR Gold

(0.2 lL/20 mL TAE) (Invitrogen) and analyzed with Dol-

phin-1D software (Wealtec). Selected bands were excised

from the gel and left soaked overnight in MilliQ H2O at

4 �C. After reamplification using identical primers but

lacking the GC clamp, the PCR product was purified and

sequenced.

Sequence analysis and accession numbers

DNA sequence analysis was done by Macrogen Korea,

using an ABI 3730 automated DNA sequencer. DNA

sequence homologies were carried out with BLASTN and

Ribosomal database project (rdp.cme.msu.edu/). Multiple

alignments and distance matrix analyses were conducted

using the MEGA 5.0 software package (Tamura et al.

2011). A phylogenetic tree was constructed using neigh-

bor-joining analysis with 1,000 replicates of bootstrap

analysis. GenBank accession numbers were assigned for

16S rRNA gene sequences of the isolates (KC119333–

KC119335 and KF263488) and of the DGGE bands

(KF559226–KF559252).

Degradation rate analysis

The CP degradation rate constant (k) was determined using

the kinetic model Ct = C0 9 e_kt, where C0 is the initial

concentration of CP at time zero, Ct is the concentration of

CP at time t, t is the degradation period in days and k is the

rate constant (d-1). The half-life (T1/2) of CP was deter-

mined using the algorithm T1/2 = ln2/k. Correlation coef-

ficient (R2) and Regression Equation were calculated from

linear equation between ln(Ct/C0) of chemical data and

time. The results from three replicates of each treatment

were also evaluated using analysis of variance and statis-

tical analysis. The significance (p \ 0.05) of differences

was assessed by post hoc comparison of means using the

least significant differences (LSD) test using the IBM SPSS

statistics 20.
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Results

Enrichment culturing using chlorpyrifos as carbon

source

Survival and proliferation of the bacterial community

during enrichment in liquid culture with CP as sole carbon

source was characterized by profiling of partial 16S rRNA

genes. Analysis of DGGE profiles indicated substantial

difference between enrichment cultures and soils, while

fewer differences were seen between control and treated

cultures (Fig. 1). Higher numbers of bands were present in

soil as compared to cultures grown with and without CP.

More bands were observed in the first week profile than in

the fingerprints from later weeks suggesting a selection for

chlorpyrifos-resistant organisms. Three different groups of

bands were observed in DGGE gel. First, some of the bands

were present in fingerprints of all enrichment steps; these

represented dominant bacterial species in CP treated soil

that can utilize CP as C source hence proliferating in CP-

supplemented media. Sequence analysis showed that these

were affiliated with Pseudomonas sp. (B2, B6), Novosp-

hingobum sp. (B13), Burkholderia sp. (B14) and

Sphingomonas sp. (B15). A second group of bands were

not present at initial steps but appeared in the fingerprint of

final enrichment steps. The corresponding organisms

appeared to be favored by enrichment process and

sequencing showed their similarity to Nitrosomonas sp.

(B3), Burkholderia sp. (B9, B20), Pseudomonas sp. (B4,

B5), Stenotrophomonas sp. (B16, B18), Agrobacterium sp.

(B19, B26), and Paracoccus sp. (B27). The third group of

bands corresponded to organisms that were present in the

soil or initial enrichment step, but became very weak or

disappeared by the final enrichment steps. Sequences of

these bands showed similarity to Flavobacterium sp. (B1),

Bacillus sp. (B7 and B10), uncultured c-Proteobacteria

(B11), Pseudoxanthomonas sp. (B17), Lysobacter sp.

(B21), uncultured bacterium (B22, B23) and Rhodococcus

sp. (B25). Bands appearing in the fingerprints of later steps

are result of continual selection pressure resulting in pro-

liferation of potential CP degrading bacteria. The disap-

pearance of bands present only in fingerprints of initial

steps can be due to the loss of bacteria that need to use soil

particles as a solid substratum to attach to, or their dis-

placement by bacteria with better CP-degrading abilities.

Phylogenetic relationships of these sequences to other

closely related species is shown in Fig. 2. Most of the

sequences belonged to members of the Proteobacteria and

Firmicutes with one band each of Bacteroidetes and Ac-

tinobacteria. The Phylogenetic tree showed a shift in

microbial community composition with members of Bac-

teroidetes, Firmicutes, a- and c-Proteobacteria and Ac-

tinobacteria present at initial steps whereas b-

Proteobacteria appeared in later steps and only Proteo-

bacteria (highlighted band numbers) were dominant among

the members selected by enrichment culturing.

Week 1Soil

6 1110 13 15 17 18 M

Week 2 Week 3 Week 4
C T1 T2 T3

1 2 3 4 75 8 9 12 14 16

C T1 T2 T3 C T1   T2  T3 C T1   T2  T3

B1

B2

B3

B4

B5

B6

B7

B8

B9B10

B11 B12

B14
B13

B15
B16

B18

B19

B20B21

B22

B23

B26

B27
B24

B25

B17

Fig. 1 16S rDNA denaturing

gradient gel electrophoresis

(DGGE) analysis of bacterial

community in soils (lane 1–2)

and in control (C) and treated

(T) enrichment cultures. Lanes

3–6, 7–10, 11–14 and 15–18

represent first, second, third and

fourth enrichment cycles

respectively. Cultures were

enriched in replicates (T1, T2,

and T3). B1–B27 are bands

eluted from the gel and

sequenced
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 Uncultured Flavobacterium(AM934979)

 B1

 Uncultured Proteobacterium(JQ919449)

 B11

 Pseudomonas aeruginosa(KC119335)

 B4

 Pseudomonas stutzeri(KC990816)

 Pseudomonas mendocina(KC119334)

 B2

 Psedomonas sp.(KF019106)

 B6

 Pseudomonas putida(KC990820)

 B5

 B8

 Acinetobacter rhizosphaerae(HE610896)

 Acinetobacter calcoaceticus(KC844223)

 Pseudoxanthomonas sp.(FJ555563)

 Xanthomonas sp.(EF027001)

 B17

 Stenotrophomonas maltophilia(HQ457015)

 B16

 Stenotrophomonas sp.(FM997981)

 B18

 Lysobacter sp.(AB245363)

 B21

 B20

 B14

 Burkholderia sp.(HE862277)

 B9

 Burkholderia stabilis(JX010973)

 Burkholderia sp.(GU951460)

 Nitrosomonas ureae(FR828472)

 B3

 B13

 Novosphingobium lentum(NR_042056)

 B15

 Sphingomonas sp.(AY506539)

 B27

 Paracoccus sp.(EU725799)

 B22

 B23

 Uncultured bacterium(JQ710720)

 Uncultured bacterium(AB582677)

 B19

 Agrobacterium tumifaciens(FJ81441)

 B24

 B26

 Agrobacterium sp.(JN592469))

 Rhizobium sp.(KC904963)

 Uncultured bacterium(HE965960)

 B25

 Rhodococcus sp.(JX127245)

 Uncultured bacterium(KC541528)

 B12

 Bacilllus subtilis(KF053071)

 B10

 Bacillus thuringiensis(KF012636)

 B7

 Bacillus cereus(AJ277908)

β-Proteobacteria 

α-Proteobacteria 

γ-Proteobacteria 

Actinobacteria 

Firmicutes 

Bacteriodetes

Fig. 2 Phylogenetic analysis of partial 16S rRNA gene (V3 region)

sequence from excised DGGE bands of enriched CP degrading

bacterial community to other related organisms. The tree was

constructed with MEGA 5.0 software package using neighbor-joining

analysis and 1,000 replicates for bootstrap analysis. Bar 0.02

represents sequence divergence
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Isolation, screening and identification of CP degrading

strains

From the enrichment culture, a range of morphologically

different bacterial strains were isolated that were able to

grow on mineral medium containing up to 100 mg L-1 CP.

The eight fastest growing isolates were selected for further

study (Table 1). Biochemical characterization and 16S

rRNA gene analysis showed that bacterial strains belonged

to the Stenotrophomonas, Paracoccus, Pseudomonas,

Acinetobacter, Sphingomonas, and Burkholderia genera.

Strains of Acinetobacter calcoaceticus LCp4, Stenotroph-

omonas maltophilia LCp5, Pseudomonas mendocina LCp8

and P. aeruginosa LCp9 showed the highest CP degrada-

tion potential and were selected for consortium develop-

ment and biodegradation studies.

Biodegradation of CP and TCP in mineral salt medium

Significant differences (p \ 0.05) were observed in growth

kinetics of individual bacterial isolates. For isolates LCp4,

LCp8 and LCp9 and a mixed consortium of all four strains,

the most effective growth was observed over 2–6 days

without an initial lag phase, and maximum growth was

attained after 8 days of incubation (Fig. 3A1). Isolate LCp5

multiplied comparatively slowly where a steady increase in

growth was observed for 6 days. Biodegradation (percentage

depletion of CP) was estimated by HPLC (Fig. 3A2), and

confirmed that all isolates were able to degrade CP but with

different degradation rates. Individual isolates degraded

60–75 % of CP while the consortium’s efficiency was

higher. After 10 d of incubation 74.6, 60.5, 69.8 and 67.5 %

of initial concentration of CP was utilized by A. calcoace-

ticus LCp4, S. maltophilia LCp5, P. mendocina LCp8 and P.

aeruginosa LCp9 respectively, while the consortium

degraded 92 % of initial concentration of CP after 10 days

(Fig. 3A2). In control flasks CP degradation by abiotic losses

was insignificant, with only 3–4 % CP depletion observed at

the end of 10 days. With glucose as an additional C source

bacterial growth was considerably stimulated, giving

approximately two times faster growth rate at the start of

incubation period (0–4 days). Maximum OD600 was

obtained at 8 days of incubation while most effective growth

was observed during the first 4 days (Fig. 3B1). CP degra-

dation improved in the presence of glucose reaching 90, 73.5,

81.4 and 78 % for LCp4, LCp5, LCp8 and LCp9 respectively

in 10 days. Meanwhile, the consortium (LCp4, LCp5, LCp8

and LCp9) succeeded in removing 87 % of applied CP in

6 days, degrading it completely in 10 days (Fig. 3B2).

HPLC analysis also revealed that A. calcoaceticus LCp4, P.

mendocina LCp8, P. aeruginosa LCp9 and consortium were

able to mineralize CP completely, with only transient accu-

mulation of the CP metabolic product TCP. However, in

culture extracts of S. maltophilia LCp5 TCP was accumu-

lated and did not disappear. Similar results were observed for

degradation of TCP in MSM where LC8 and LCp9 degraded

83.2 and 78.4 % of applied TCP while LCp4 and consortium

utilized it completely. In LCp4 inoculated and control media

insignificant TCP degradation was observed (Fig. 4).

Substrate range

In order to evaluate the capacity of the consortium to utilize

structurally different pesticides, the cultures were supple-

mented with various organophosphates (Triazophos and

Profenophos), Pyrethroids (Cypermethrin and Bifenthrin) and

a carbamate (Carbofuran) as sole source of C. The consortium

was able to degrade 86 and 83 % of Triazophos and Profe-

nophos within 10 days, which was expected as these com-

pounds have a similar P–O–C bond to as CP, and could be

attacked by organophosphate hydrolase (OPH). Carbofuran

was also degraded efficiently by the consortium, with 90 %

disappearance during incubation period. However, the con-

sortium’s efficiency to degrade pyrethroids was lower than for

OPs and carbamates, with only 55 and 50 % of Cypermethrin

and Bifenthrin degraded after 10 days (Fig. 5).

Biodegradation of Chlorpyrifos in soil

Studies of the degradation dynamics of CP in various

microbiologically active soils revealed significant differ-

ences (p \ 0.05) in CP degradation potential between

bacterial isolates (Fig. 6; Table 2). CP depletion was

highest in sterilized soil inoculated with A. calcoaceticus

LCp4, with rate constant of 0.0478 d-1, following first

order kinetics and the average rate of CP degradation of

4.40 mg kg-1 d-1. Soils inoculated with P. mendocina

LCp8 and P. aeruginosa LCp9 showed similar CP degra-

dation dynamics with rate constants of 0.0400 and

0.0361 d-1 respectively. LCp8 and LCp9 degraded 85.7

and 89 % of applied CP within 42 days with average rates

of 4.08 and 4.24 mg kg-1 d-1. S. maltophilia LCp5 was

able to degrade 77.5 % of added CP with rate constant and

average rate of 0.0303 d-1 and 3.69 mg kg-1 d-1. T1/2

values for CP degradation in these soil treatments were

16.5, 22.87, 19.2 and 17.32 d for strains LCp4, LCp5,

LCp8 and LCp9 respectively. With the consortium the

average CP disappearance rate was 4.76 mg kg-1 d-1

within 42 d with a rate constant of 0.0702 d-1, following

first order kinetics, with T1/2 of 9.87 d (Table 2). For non-

inoculated, non-sterilized soil, CP depletion was charac-

terized by a lag phase of 7-days during which only 3 % of

applied CP was degraded. CP disappearance then increased

considerably, with a rate constant of 0.0111 d-1, resulting

in utilization of 42.2 % of initial amount at the end of

incubation time. No lag phase was observed in sterilized
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soil samples inoculated with individual bacterial strains

and their consortium. In sterilized soil CP disappearance

was insignificant, and 80 % of applied CP still persisted at

the end of incubation period. The average rate of CP

degradation in sterilized soil was 0.84 mg kg-1 d-1 with

rate constant of 0.0053 d-1 and T1/2 was 130.7 d.

Discussion

CP has been in widespread use for almost 50 years and

because of its toxicity and recalcitrance its removal from

environment is of immense importance. This study was

designed to isolate potential CP-degraders from contami-

nated soil and to monitor the survival of bacterial isolates
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Fig. 5 Degradation of different pesticides by consortium in mineral

salt medium. Symbols: (diamond) Carbofuran; (square) Triazophos;

(triangle) Profenophos; (white circle) Cypermethrin and (black circle)

Bifenthrin. The solid line represents treated samples while broken line

is for control samples. Initial concentrations were 100 mg L-1.
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Fig. 4 Degradation of trichloropyridinol (TCP) in mineral salt

medium. strains were grown in mineral salt medium (MSM)

supplemented with TCP (25 mg L-1) as sole source of carbon.

Symbols: (white circle) non inoculated control; medium inoculated

with (diamond) S. maltophilia LCp5; (black circle) P. aeruginosa

LCp9; (triangle) P. mendocina LCp8; (square) A. calcoaceticus LCp4

and (black triangle) Consortium of LCp4, LCp5, LCp8 and LCp9.

Symbols are the means of three replicates and error bars represent the

standard deviation of the mean
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Fig. 3 Growth of bacterial isolates and degradation kinetics during

growth with chlorpyrifos. Strains were grown in mineral salt medium

(MSM) supplemented with chlorpyrifos (CP) (100 mg L-1) as sole

source of carbon. Cultures were grown without (A1, A2) or with

(B1, B2) glucose (1 %) as an additional source of carbon. Symbols:

(white circle) non inoculated control; medium inoculated with

(diamond) Stenotrophomonas maltophilia LCp5; (triangle) Pseudo-

monas mendocina LCp8; (black circle) Pseudomonas aeruginosa

LCp9 (square); Acinetobacter calcoaceticus LCp4; and (black

triangle) Consortium of LCp4, LCp5, LCp8 and LCp9. Symbols

are the means of three replicates and error bars represent the

standard deviation of the mean
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during enrichment process. CP-degrading bacterial strains

were isolated from agricultural soils which had been trea-

ted with CP and other pesticides over an extended period,

indicating the ability of the organisms to adapt to the

environmental conditions. The isolates that showed maxi-

mum CP degradation were identified as A. calcoaceticus, S.

maltophilia, P. mendocina and P. aeruginosa. Bacteria

belonging to these genera have been documented to play

important roles in xenobiotic and pesticide metabolism.

Lakshmi et al. (2008) studied degradation of both CP and

TCP by P. aeruginosa in soil and aqueous media. Pseu-

domonas strains have also been studied for degradation of

Cadusafos (Abo-Amer 2012), Cypermethrin (Zhang et al.

2011), Fenamiphos and CP (Chanika et al. 2011). Acine-

tobacter strains have been described as responsible for

degradation of methyl parathion (Liu et al. 2007). Simi-

larly, Stenotrophomonas has been studied for its role in

degradation of fenvelerate (Chen et al. 2011a) and CP

(Dubey and Fulekar 2012).

These strains degraded 60–75 % CP in mineral medium

within 10 days, the degradation rate (6.0–7.5 mg L-1 d-1)

of these strains was comparable to maximum degradation

rate Vmax (7.4–12.1 5 mg L-1 d-1) of CP-degrading

strains studied earlier by Maya et al. (2011). The consor-

tium of these strains was more efficient and removed 92 %

of CP in same period. Lakshmi et al. (2009) also observed

enhanced CP degradation by consortium consisted of P.

aeruginosa, Bacillus cereus, Klebsiella sp. and Serratia

marscecens. The increased degradation of CP by consor-

tium can be due to its ability to remove CP without accu-

mulation of toxic intermediate TCP. In the consortium the

inability of S. maltophilia LCp5 to degrade TCP was

complemented by other TCP degrading strains to remove

the toxic product that positively influenced the degradation

process. Similar enhanced pesticide degradation using

microbial consortia has been reported before for degrada-

tion of atrazine and diuron (Smith et al. 2005; Sorensen

et al. 2008). Enhanced degradative abilities of consortia

can be attributed to requirement for growth factors and

nutrients provided by secondary strain, and cross-feeding

of metabolites from the degradation pathway. For example,

in a study coculture of B. cereus ZH-3 and Streptomyces

aureus HP-S-01 significantly enhanced cypermethrin deg-

radation; HP-S-01 was able to mineralize the toxic

metabolite 3-phenoxybenzaldehyde (3-PBA) that ZH-3

was unable to utilize, thus stabilizing the consortium by

cross feeding of metabolites (Chen et al. 2012).
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Fig. 6 CP degradation dynamics of chlorpyrifos in different soil

treatments. Symbols: (white circle) non-inoculated sterilized soil;

(black diamond) non-sterilized soil; (white diamond) SS? S. malto-

philia LCp5; (white triangle) SS? P. mendocina LCp8; (black circle)

SS? P. aeruginosa LCp9; (square) SS? A. calcoaceticus LCp4;

(black triangle) SS? Consortium of LCp4 ? LCp5 ? LCp8 ?

LCp9. Chlorpyrifos initial concentration was 200 mg kg-1. Symbols

are the means of three replicates and error bars represent the standard

deviation

Table 2 Kinetic parameters of CP degradation in various microbiologically active soils

Soil treatment Regression equation Average k (d-1) a Average V (mg kg-1 d-1) b T1/2 (d) R2

SS ln(Ct/Co) = -0.004t - 0.015 0.0053a 0.84a 130.7g 0.983

SS?LCp4 ln(Ct/Co) = -0.035t ? 0.084 0.0478f 4.40f 14.5b 0.948

SS?LCp5 ln(Ct/Co) = -0.033t ? 0.050 0.0303c 3.69c 22.87e 0.977

SS?LCp8 ln(Ct/Co) = -0.044 ? 0.117 0.0361d 4.08d 19.2d 0.957

SS?LCp9 ln(Ct/Co) = -0.050t ? 0.149 0.0400e 4.24e 17.32c 0.950

SS?Consortium ln(Ct/Co) = -0.080t ? 0.188 0.0702g 4.76g 9.87a 0.939

nSS ln(Ct/Co) = -0.013t ? 0.025 0.0111b 2.01b 62.45f 0.985

The initial CP concentration was 200 mg kg-1 soil. SS sterilized soil without inoculum, SS? introduced with, nSS non-sterilized soil with

indigenous soil microbes

Different letters indicate significant differences between treatments (p \ 0.05, LSD test)
a Degradation rate constant (k) calculated using Ct = C0 x e_kt. Ct residual concentration of CP (mg kg-1)
b CP disappearance rate
c Linear equation between ln(Ct/C0) of chemical data and time yielded regression equation and regression coefficient (R2)
d Disappearance time calculated by T1/2 = ln2/k
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Addition of glucose as a supplementary C source sig-

nificantly enhanced CP degradation by the consortium,

which utilized 87 % of applied CP in 6 days under these

conditions compared to 71.8 % in mineral medium without

additional C source in the same period (Fig. 3B2). Similar

enhanced degradation of pesticide has been reported in the

presence of glucose in earlier studies (Cycon et al. 2009;

Pino and Peñuela 2011). However, contrasting results were

reported by Singh et al. (2004) where addition of C source

suppressed CP degradation by Enterobacter sp. for first

three days and CP degradation started after depletion of C

source. Glucose as an immediate energy source enhanced

cell growth which in turn increased CP degradation. It can

also be assumed that consortium not only metabolized CP

but also co-metabolized it in the presence of other C

source. Chen et al. (2012) reported the similar results for

degradation of Cypermethrin, where addition of glucose

enhanced its degradation.

A different feature of consortium revealed during the

study was its ability to degrade carbofuran along with

various OPs and pyrethroids other than CP. Since the

general chemical structure of OPs is alike, the consortium’s

capability of degrading other OPs was anticipated. Cycoń

et al. (2013) also reported degradation of various OPs by

diazinon degrading bacteria. The soil used for isolation of

CP-degrading bacteria had also received occasional appli-

cations of carbamates and pyrethroids and this could

explain the parallel adaptation of strains to pesticides of

different structures. The consortium might contain organ-

isms with specific enzyme systems adapted for degradation

of structurally different pesticides. As reported earlier,

bacterial phosphotriesterases are capable of hydrolyzing P–

O, P–S, P–CN and C–O bonds in esters and lactones (Wang

et al. 2012). Chanika et al. (2011) have reported isolation

of a P. putida strain that was able to hydrolyze both car-

bamates and organophosphates. The degradation of pyre-

throids by consortium to a lesser extent as compared to OPs

and carbamates can be related to generation of toxic

compound 3-phenoxy benzoic acid (3-PBA). 3-PBA is

persistent towards microbial degradation and has antimi-

crobial activities that might have limited consortium’s

capability to degrade pyrethroids (Chen et al. 2011b).

There are no earlier reports of consortium able to degrade

different classes of compounds, though an attempt has been

made to develop a genetically modified organism with co-

expression of organophosphate hydrolase (opd) and carb-

oxylesterase genes, for degradation of organophosphates,

carbamates and synthetic pyrethroids (Lan et al. 2006).

Results of CP-degradation in soil exhibited that con-

sortium utilized CP more quickly in sterilized soil as

compared to soils inoculated with a single bacterial strain

and non-inoculated non-sterilized soil. The consortium

degraded 100 % of added CP within 42 days as compared

to 76–90 % CP degradation by individual strains. Singh

et al. (2006) also observed enhanced fenamiphos degra-

dation in soil using bacterial consortium. The lag phase

observed in the case of non-sterilized soil corresponds to

the time required for propagation of small community of

CP degrading bacteria to attain sufficient level for efficient

degradation of pesticide (Cycon et al. 2009). Slower deg-

radation of CP in soils as compared to liquid media might

be due to influence of various soil parameters such as soil

moisture, organic content and soil structure. CP being

hydrophobic in nature tends to adsorb at soil surfaces and

solid phase of organic matter thus limiting its availability

to microbes and slowing down the process of degradation

(Liang et al. 2011). Soil moisture also influence pesticide

degradation by regulating microbial mobility and prolif-

eration and solute diffusion (Singh et al. 2006). As higher

CP concentration (200 mg kg-1) was applied to soil as

compared to liquid media (100 mg kg-1), it might have

hindered the initial catabolic activities of microbes in soil.

As studied by Fang et al. (2009) that high CP concentration

provoked inhibitory effects on microbes, though duration

of repressing effects on microbial functional diversity was

temporary.

Combination of enrichment culture and DGGE was used

to analyze the survival of bacteria in CP rich environment.

Similarity of band sequences to 16S rDNA sequence of CP

degrading strains confirmed that Pseudomonas sp.

Sphingomonas sp. and Acinetobacter sp. were among

dominant bacteria in soil while others such as Steno-

trophomonas sp. and Paracooccus sp. were selected by

enrichment procedure. In earlier studies ecological signif-

icance of pesticide degrading strains isolated from enrich-

ment cultures had been demonstrated (Chanika et al. 2011;

Breugelmans et al. 2007).

In conclusion, the CP-degrading bacterial isolates

obtained in this study showed enhanced CP-degradation

potential when developed in a consortium. The consortium

utilized CP as sole source of carbon and also co-metabo-

lized it in the presence of glucose, and was able to biore-

mediated soil with CP concentration as high as

200 mg kg-1. Moreover, the consortium harbored the

ability to degrade structurally different pesticides. DGGE

analysis confirmed that these isolates were dominant

members of the enrichment. These results suggest that the

microbial consortium could be a promising candidate for

remediation of CP-contaminated environment.
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Pino N, Peñuela G (2011) Simultaneous degradation of the pesticides

methyl parathion and chlorpyrifos by an isolated bacterial

consortium from a contaminated site. Int Biodeterior Biodegrad

65:827–831

Sasikala C, Jiwal S, Rout P, Ramya M (2012) Biodegradation of

chlorpyrifos by bacterial consortium isolated from agriculture

soil. World J Microbiol Biotechnol 28:1301–1308

Singh BK, Walker A (2006) Microbial degradation of organophos-

phorus compounds. FEMS Microbiol Rev 30:428–471

Singh BK, Walker A, Morgan JA, Wright DJ (2004) Biodegradation

of chlorpyrifos by Enterobacter strain B-14 and its use in

bioremediation of contaminated soils. Appl Environ Microbiol

70:4855–4863

Singh B, Walker A, Wright D (2006) Bioremedial potential of

fenamiphos and chlorpyrifos degrading isolates: influence of

different environmental conditions. Soil Biol Biochem

38:2682–2693

Smith D, Alvey S, Crowley DE (2005) Cooperative catabolic

pathways within an atrazine-degrading enrichment culture

isolated from soil. FEMS Microbiol Ecol 53:265–273

Sorensen SR, Albers CN, Aamand J (2008) Rapid mineralization of

the phenylurea herbicide diuron by Variovorax sp. strain SRS16

in pure culture and within a two-member consortium. Appl

Environ Microbiol 74:2332–2340

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S

(2011) MEGA5: molecular evolutionary genetics analysis using

maximum likelihood, evolutionary distance, and maximum

parsimony methods. Mol Biol Evol 28(10):2731–2739

Wang S, Zhang C, Yan Y (2012) Biodegradation of methyl parathion

and p-nitrophenol by a newly isolated Agrobacterium sp. strain

Yw12. Biodegradation 23:107–116

Xu G, Zheng W, Li Y, Wang S, Zhang J, Yan Y (2008)

Biodegradation of chlorpyrifos and 3,5,6-trichloro-2-pyridinol

by a newly isolated Paracoccus sp. strain TRP. Int Biodeterior

Biodegrad 62:51–56

Yeates Gillings (1998) Rapid purification of DNA from soil for

molecular biodiversity analysis. Lett Appl Microbiol 27:49–53

World J Microbiol Biotechnol (2014) 30:2755–2766 2765

123

Author's personal copy



Zhang C, Wang S, Yan Y (2011) Isomerization and biodegradation of

beta-cypermethrin by Pseudomonas aeruginosa CH7 with bio-

surfactant production. Bioresour Technol 102:7139–7146

Zhou G, Wang Y, Ma Y, Zhai S, Zhou L, Dai Y, Yuan S (2014) The

metabolism of neonicotinoid insecticide thiamethoxam by soil

enrichment cultures, and the bacterial diversity and plant growth-

promoting properties of the cultured isolates. J Environ Sci

Health B 49:381–390

2766 World J Microbiol Biotechnol (2014) 30:2755–2766

123

Author's personal copy



Determination of Cypermethrin Degradation Potential of Soil
Bacteria Along with Plant Growth-Promoting Characteristics

Shamsa Akbar • Sikander Sultan • Michael Kertesz

Received: 7 January 2014 / Accepted: 24 July 2014 / Published online: 7 September 2014

� Springer Science+Business Media New York 2014

Abstract The pyrethroid insecticide cypermethrin is in

extensive use since 1980s for insect control. However, its

toxicity toward aquatic animals and humans requires its

complete removal from contaminated areas that can be done

using indigenous microbes through bioremediation. In this

study, three bacterial strains isolated from agricultural soil

and identified as Acinetobacter calcoaceticus MCm5,

Brevibacillus parabrevis FCm9, and Sphingomonas sp.

RCm6 were found highly efficient in degrading cyper-

methrin and other pyrethroids. These bacterial strains were

able to degrade more than 85 % of cypermethrin

(100 mg L-1) within 10 days. Degradation kinetics of cy-

permethrin (200 mg kg-1) in soils inoculated with isolates

MCm5, FCm9, and RCm6 suggested time-dependent dis-

appearance of cypermethrin with rate constants of 0.0406,

0.0722, and 0.0483 d-1 following first-order rate kinetics.

Enzyme assays for Carboxylesterase, 3-PBA dioxygenase,

Phenol hydroxylase, and Catechol-1,2 dioxygenase showed

higher activities with cypermethrin treated cell-free extracts

compared to non-treated cell-free extracts. Meanwhile,

SDS-PAGE analysis showed upregulation of some bands in

cypermethrin-treated cells. This might suggest that cyper-

methrin degradation in these strains involves inducible

enzymes. Besides, the isolates displayed substantial plant

growth-promoting traits such as phosphate solubilization,

Indole acetic acid production, and ammonia production.

Implying the efficient biodegradation potential along with

multiple biological properties, these isolates can be valuable

candidates for the development of bioremediation strategies.

Introduction

Cypermethrin [(±)-a-cyano-3-phenoxybenzyl (±)-cis-trans-

3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate]

is a photostable synthetic pyrethroid insecticide. It is widely

used for control of pests in cotton and vegetable crops, for

treatment of cattle and other livestock and for indoor and

outdoor pest control [16]. It acts on central nervous system of

insects by producing hyperexcitable state by interacting with

sodium channels [21]. However, it is also highly toxic to fish

and aquatic invertebrates and has been classified as a possible

human carcinogen. It adversely affects the CNS and causes

allergic skin reactions and eye irritation in humans [26].

Widespread occurrence of cypermethrin has been reported in

downstream waterbodies and sediments due to runoff and

erosion from agricultural fields and non agricultural applica-

tions [11, 30]

Cypermethrin persistence in environment varies from

14.6 to 76.2 days (half life) depending on physicochemical

properties of soil. Microbial activity in soil also plays vital

role in determining the fate and behavior of cypermethrin

in soil. In the natural environment, hydrolysis of the ester

linkage is the principal degradation route and leads to the

formation of 3-phenoxybenzoic acid (PBA) and cyclopro-

panecarboxylic acid (DCVA) derivatives [5]. Cypermeth-

rin displays low water solubility and due to non-polar

nature readily adsorbed onto the soil surface and bound

there, however, the metabolites PBA and DCVA are

organic acids and are mobile in soil [6]. PBA is also a

potential toxicant and because of its antiestrogenic activity,

it is classified as an endocrine disrupting chemical [20].
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Soil bacteria possess diverse catabolic pathways to

degrade pesticides, and this potential can be exploited to

design bioremediation strategy to reduce pollution load in

contaminated environments. Several bacteria capable of

degrading CPM such as Micrococcus sp. CPN1 [26], Ser-

ratia sp. [32], and Ochrobactrum lupini DG-S-01 [3] have

been isolated from contaminated soil and activated sludge

system. Degradation pathway of cypermethrin involves

initial ester hydrolysis to yield 3-phenoxybenzoic acid (3-

PBA) which can be converted either to 4-hydroxy-3-

phenoxybenzoic acid [19] or protocatechuate and phenol

[9]. Microbes isolated from agricultural soils may possess

auxiliary traits such as N-fixation, mineral solubilization,

or plant growth regulator production along with biodegra-

dation capacity [22]. The presence of assisted traits sug-

gests the agronomic and environmental significance of

such microbes. Thus, the aim of this study is isolation and

characterization of potential cypermethrin-degrading bac-

teria from agriculture soils and evaluation of their parallel

phenotypic traits as plant growth-promoting bacteria.

Materials and Methods

Soil

The soils used in this experiment were collected from three

different agricultural fields of Multan, Faisalabad, and

Renalakhurd, Punjab with history of cypermethrin and

other pyrethroid application for more than 10 years. Sam-

ples were collected from 10 to 20 cm depth, transferred to

sterile plastic bags, and stored at 4�C. Before use, the soil

was dried and sieved (2 mm mesh).

Chemicals and Media

Pesticides of technical grade cypermethrin (92 %) and bif-

enthrin (97 %), deltamethrin (98 %), k-cyhalothrin (94 %),

chlorpyrifos (98 %), and carbofuran (70 %) were obtained

from Ali Akbar group, Pakistan. Analytical grade cyper-

methrin, bifenthrin, 3-phenoxy benzoic acid (3-PBA), cate-

chol, and phenol were purchased from Sigma-Aldrich.

HPLC grade organic solvents were procured from Merck.

10 % (w/v) stock solutions of pesticides were made in

methanol or acetone and to enhance solution’s solubility in

water it was mixed with 0.5 % (w/v) Triton X. The same ratio

of methanol/acetone and Triton X was added to the controls.

Microbial isolations were carried out in minimal salt

medium (MSM, pH 6.8–7.0) containing (g L-1) K2HP4, 1.5;

KH2PO4, 0.5; NaCl, 0.5; (NH4)2 SO4, 0.5; MgSO4�7H2O, 0.2;

and 1009 trace element solution, 10 mL. 1009 trace element

solution was composed of (mg L-1) Na2EDTA.2H20, 500;

FeCl2�4H2O, 143; ZnCl2, 4.7; MnCl2�4H2O, 3.0; H3BO3, 30;

CoCl2�6H2O, 20; CuCl2�2H2O, 1.0; NiCl2�6H2O, 2.0; Na2-

MoO4�2H2O, 3.0; and CaCl2�2H2O, 100. For medium solidi-

fication, 1.5 % of agar was used.

Enrichment, Isolation and Screening of CP-Degrading

Strains

For enrichment, soil samples (5 g) were added to 50 mL

MSM supplemented with 50 mg L-1 cypermethrin in

250-mL Erlenmeyer flasks, and incubation was carried out

at 150 rpm and 30 �C, rest of the procedure was carried out

as described by Chen et al., [4]. From last enrichment

culture, 10-fold dilutions of cultures were prepared and

100 lL of each dilution was spread on minimal agar plates

containing cypermethrin (50 mg L-1) and isolated colo-

nies were purified. Screening for cypermethrin degradation

capacity was carried out by streaking MSM gradient plate,

and isolates with heavy growth on higher concentration

were selected. The selected isolates were then cultured in

MSM containing 50 mg L-1 cypermethrin for a week, and

residual cypermethrin concentration was determined by

HPLC. Three isolates with highest cypermethrin degrada-

tion potential, designated as MCm5, FCm9, and RCm6

were selected for further cypermethrin degradation studies.

Taxonomic Identification of the Bacterial Strain

The 16S rRNA gene was amplified using universal primers

27f (AGAGTT TGATCCTGGCTCAG) and 1492R (TACG

GTTACCTTGTTACGACTT) [10], in a reaction mixture

(50 lL) comprising 20 pmol each primer, 25 lL PCR

Master Mix (Thermoscientific), and 20 ng of template DNA.

The PCR reaction was performed with following cyclic

profile: initial denaturation at 94 �C for 1 min, annealing at

50 �C for 1 min, extension at 72 �C for 2 min, and final

extension at 72 �C for 10 min. The amplified PCR products

were purified with thermoscientific GeneJET gel Extraction

Kit and sequenced from Macrogen Korea, using ABI 3730

automated DNA sequencer. DNA sequence homologies

were carried out with BLASTN and Ribosomal database

project (www.rdp.cme.msu.edu/). Multiple alignments and

distance matrix analyses were conducted using the MEGA

5.0 software package [27]. A phylogenetic tree was con-

structed using neighbor-joining analysis with 1,000 repli-

cates of bootstrap analysis.

Biodegradation Studies

Biodegradation of Cypermethrin in Liquid Medium

Seed culture of each isolate was grown in nutrient broth

containing 50 mg L-1 cypermethrin, harvested by centri-

fugation at 4,6009g, washed and diluted with MilliQ H2O

76 S. Akbar et al.: Determination of Cypermethrin Degradation Potential of Soil Bacteria
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to set an OD600 of 1.0. 2 % of this suspension was used as

inoculum. Erlenmeyer flasks (250 mL) containing MSM

(100 mL) amended with 100 mg L-1 of cypermethrin were

inoculated with bacterial cell suspension in triplicates. The

flasks were incubated at 30 �C with shaking at 150 rpm, and

an uninoculated flask was used as control. After 0, 2, 4, 6, 8,

and 10 days, 10 mL of culture from control and treated flasks

was removed and centrifuged. The supernatant was extracted

with ethyl acetate (20 mL 9 3), and the pooled organic phase

was dried over anhydrous sodium sulfate and evaporated at

40 �C under vacuum. The residue was dissolved in methanol,

and final volume was made to 2 mL for HPLC analysis. For

growth studies, 1 mL culture was withdrawn after 0, 2, 4, 6, 8,

and 10 days, and growth was evaluated as OD600.

Biodegradation of Cypermethrin in Soil

Degradation analysis of cypermethrin in soils was carried

out in sterilized soil either inoculated (n ? SS) or unin-

oculated (SS) and non-inoculated non-sterilized (nSS)

soils. Samples of 100 g soil were placed in sterile con-

tainers and amended with cypermethrin up to 200 mg kg-1

concentration; at first, acetone solution of cypermethrin

was added to small portion (10 g) of soil which was then

mixed with rest of soil after solvent evaporation. Soils were

inoculated with microbial suspension to give final con-

centration of 1.0 9 107 cells g-1 and incubated at 30 �C.

Water content was maintained at 40 % of water holding

capacity. Soil samples were removed at different time

intervals (0, 7, 14, 21, 28, 35, and 42 days) and analyzed

for residual cypermethrin and metabolites. Subsamples of

5 g soils were weighed in centrifuge tubes, and 15 mL of

acidified acetone [acetone ? water ? conc. H3PO4

(98:1:1) was added. The suspension was stirred and shaken

on an end-over-end shaker for 4 h and then centrifuged at

4,000 rpm for 30 min and shaking was repeated. The

combined extract solution was evaporated using a rotary

evaporator at 45 �C. Residue was redissolved in 1 mL of

methanol–water (90:10 v/v) for HPLC analysis and filtered

through a 0.45 lm filter for HPLC analysis.

High Performance Liquid Chromatography Analysis

Cypermethrin and metabolites were analyzed on a SYKAM

HPLC equipped with a HPLC Pump S 1122, programmable

variable-wavelength UV detector S3210, Autosampler S

5200, and phenomenex C18 reversed-phase column

(150 mm). Detector output was processed by Clarity chro-

matography data system. Pesticide concentration analysis was

conducted using gradient elution conditions with initial sol-

vent conditions of 100 % solvent A [methanol:H2O:Acetic

Acid] (20:80:0.5) to 100 % solvent B [methanol:H2O:Acetic

Acid] (80:20:0.5) in 10–20 min at a flow rate of 1 mL min-1.

The detection was performed at 230 nm. Sample injection

volume was 20 lL. The retention time of cypermethrin,

3-PBA, and catechol was 3.94, 2.91, and 2.88 min, respec-

tively. The calibration curves of cypermethrin, 3-PBA, and

catechol were made from the serial dilutions of the samples

dissolved in 100 % methanol. The linear range and the

equation of linear regression were obtained sequentially at

0–200 lg mL-1 at interval of 25. Mean areas generated from

the standard solution were plotted against concentration to

establish the calibration equation. The concentration of cy-

permethrin and metabolites was determined on the basis of the

peak areas in the chromatograms.

Cross Feeding Studies

Degradation studies with cypermethrin metabolites and

other pesticides were carried out to determine the substrate

range of bacterial strains (Fig. 1). MSM supplemented with

3-PBA, catechol, bifenthrin, k-cyhalothrin, deltamethrin,

chlorpyrifos, or carbofuran at 100 mg L-1 was inoculated

with bacterial strains and incubated under optimal condi-

tions. The experiment was conducted in triplicate with non-

inoculated samples as controls. After 7 days of incubation,

pesticide residues were measured by HPLC.

Data Analysis

The cypermethrin degradation rate constant (k) was deter-

mined using the kinetic model Ct = C0 9 e-kt, where C0 is

the initial concentration at time zero, Ct is the concentration

at time t, t is the degradation period in days, and k is the rate

constant (d-1). The half life (T1/2) of cypermethrin was

determined using the algorithm T1/2 = ln2/k. Correlation

coefficient (R2) and Regression Equation were calculated

from linear equation between ln(Ct/C0) of chemical data and

time. Results were also evaluated by analysis of variance,

and statistical analyses were performed on replicates of data

obtained. The significance (P \ 0.05) of differences was

treated statistically by t test or one-way ANOVA and

assessed by post hoc comparison of means using lowest

significance differences (LSD) test using program IBM

SPSS 20.

Enzyme Activity Assay and Total Protein Analysis

Bacterial cultures were grown in MSM with cypermethrin

(100 mg L-1) or methanol (1 % v/v) as control for 3 days at

30 �C. Cell-free extracts were prepared from the washed

cells suspended in three volumes of 50 mM phosphate buf-

fer, pH 7.0 by sonication for 5 min, and centrifugation at

10,0009g for 40 min at 4 �C. The clear supernatant was used

as crude extract for enzyme assays. Total protein content was

quantified by Bradford assay [2] using Bovine serum
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albumin (Thermoscientific) as standard. Enzyme assay

mixtures were prepared by method of Li et al. [15]. The

Esterase and 3-PBA dioxygenase activities were assayed

according to Guo et al. (2009). Phenol Hydroxylase and

catechol 1,2-dioxygenase activities were assayed according

to Tsai et al. [28]. Difference in cellular protein expression

after growth with methanol and cypermethrin was deter-

mined by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE) using 12 % polyacrylamide gels.

Determination of Auxiliary Characteristics

Plant growth-promoting characteristics of bacterial strains

were evaluated in absence and presence of cypermethrin (100

and 200 lg mL-1). Phosphate solubilization and Indole

acetic acid production ability was determined using methods

described by Bano, Musarrat [1]. For ammonia production,

the bacterial strains were grown in 20 mL peptone water in

tubes and incubated for 4 days at 30 �C. Nesslers reagent

(1 mL) was added to each tube and the development of a

yellow color indicating the production of NH3 was recorded.

Results

Isolation, Screening, and Identification

of Cypermethrin-Degrading Strains

From the enrichment culture, a range of morphologically

different bacterial strains were isolated, which were able to

grow on MSM containing up to 100 mg L-1 cypermethrin.

Isolates with effective growth on gradient plate were

selected. Screening tests based on cypermethrin degrada-

tion capacity showed that isolates were able to degrade

65–100 % of applied cypermethrin (50 mg L-1). Maxi-

mum potential was shown by MCm5, FCm9, and

RCm6,which degraded 90–100 % of cypermethrin within a

weak. Based on biochemical characterization and 16S

rRNA gene analysis, these isolates were identified as Aci-

netobacter sp. Brevibacillus sp. and Sphingomonas sp. A

phylogenetic tree was constructed based on 16S rDNA

sequences (accession numbers: KJ009250-KJ009252;

Fig. 2). The 16S rDNA sequences of strains MCm5, FCm9,

and RCm6 showed closest homology to Acinetobacter

calcoaceticus H3 (99 %), Brevibacillus parabrevis LH1-1

(99 %), and Sphingomonas agrestis (99 %).

Bacterial Growth and Biodegradation of Cypermethrin

in Mineral Salt Medium

Significant differences (P \ 0.05) were observed in growth

kinetics of individual bacterial isolates. Bacterial strains

were able to utilize cypermethrin as sole C source and

showed effective growth within 2–6 days of incubation

without an initial lag phase (Fig. 3a1). Biodegradation

(percentage depletion of cypermethrin) estimated by HPLC

(Fig. 3a2) showed that strains degraded cypermethrin at

different degradation rates. B. parabrevis FCm9 demon-

strated maximum degradation capacity, utilizing 94.6 % of

cypermethrin in 8 days and degrading it completely after

10 days with degradation rate of 9.9 mg L-1 d-1.

Whereas, 84.7 % and 91.8 % of initial cypermethrin was

Fig. 1 Chemical structures of pesticides used in cross feeding studies. a Cypermethrin, b bifenthrin, c k-cyhalothrin, d deltamethrin,

e chlorpyrifos, f carbofuran
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utilized by A. calcoaceticus MCm5, and Sphingomonas sp.

RCm6 at the rate of 7.05 and 7.65 mg L-1 d-1, respec-

tively. In control flasks, cypermethrin degradation by abi-

otic losses was insignificant (8–9 %) at the end of 10 days.

Peaks observed during HPLC analysis of cypermethrin

biodegradation had similar retention time as 3-PBA, cate-

chol, and phenol, which are the degradation products of

cypermethrin metabolism.

Cross Feeding Studies

The percentage degradation of various pesticides and other

compounds by strains MCm5, FCm9, and RCm6 is given

in Table 1. The strains were found to efficiently utilize

other pyrethroids and metabolic products as growth sub-

strate. Strains degraded bifenthrin and deltamethrin

(70–90 %) more efficiently than k-cyhalothrin was degra-

ded only up to 60 %. 3-PBA and catechol were also

degraded efficiently by all strains. Interestingly, B. pa-

rabrevis FCm9 and Sphingomonas sp. RCm6 were also

able to degrade carbofuran. However, these isolates failed

to degrade chlorpyrifos.

Soil Bioremediation

Studies of the degradation dynamics of cypermethrin in

various microbiologically active soils revealed significant

differences (P \ 0.05) in cypermethrin degradation

potential between bacterial isolates and indigenous com-

munity (Fig. 4, Table 2). Cypermethrin degradation rate

followed first-order kinetics in soils inoculated with

 KJ009250

 Brevibacillus parabrevis |EF055990|

 Brevibacillus parabrevis |AB680275|

 Brevibacillus parabrevis |JN315628|

 Brevibacillus brevis |NR_102862|

 KJ009251

 Acinetobacter calcoaceticus |KJ149815|

 Acinetobacter calcoaceticus |JF894158|

 Acinetobacter calcoaceticus |NR_042387|

 Acinetobacter calcoaceticus|NR_102826|

 KJ009252

 Sphingomonas agrestis |AY506539|

 Sphingobium chlorophenolicum |JX979136|

 Sphingomonas sp. |KF544919|

 Sphingomonas sp. |KF544941|

100
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Fig. 2 Phylogenetic analysis of

16S rRNA gene sequence from

selected bacterial strains to

other related organisms. The

tree was constructed with

MEGA 5.0 software package

using neighbor-joining analysis

and 1,000 replicates for

bootstrap analysis. Bar 0.02

represents sequence divergence

Fig. 3 Growth of bacterial isolates (a1) and degradation kinetics (a2)

during growth with cypermethrin. Strains were grown in mineral salt

medium supplemented with cypermethrin (100 mg L-1) as sole

source of carbon. Symbols: (filled circle) non-inoculated control;

medium inoculated with (filled diamond) Acinetobacter calcoaceticus

MCm5; (filled square) Brevibacillus parabrevis FCm9; (filled trian-

gle) Sphingomonas sp. RCm6. Symbols are the means of three

replicates, and error bars represent the standard deviation of the mean
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bacterial strains as well as in non-inoculated, non-sterilized

soil; however, the rate of cypermethrin degradation by

indigenous community (2.02 mg kg-1) was much slower

compared to bacterial strains (4.27–4.68 mg kg-1). Among

bacterial isolates inoculated soils, cypermethrin depletion

was highest in soil inoculated with B. parabrevis FCm9

followed by Sphingomonas sp. RCm6 and A. calcoaceticus

MCm5. Half life (T1/2) values for cypermethrin degradation

in these soil treatments were 17.07, 9.6, and 14.35 d for

strains MCm5, FCm9, and RCm6 and 48.4 d for indige-

nous community, respectively. At the end of incubation

period, 43.7 % of initial amount was degraded in non-

inoculated, non-sterilized soils, whereas in sterilized soil,

cypermethrin disappearance was insignificant, and 90 % of

applied cypermethrin still persisted.

Enzyme Activity Assay and SDS-PAGE Analysis

High amount of proteins was measured in cypermethrin-

induced vs. non-induced cells indicating that cells used

cypermethrin as growth substrate. Enzyme activities for

Esterase, 3-PBA dioxygenase, Phenol hydroxylase, and

Catechol-1,2 dioxygenase were detected in induced cell-

free extracts of all strains, while cell-free extracts from

methanol-grown cells failed to show any of these enzyme

activities (Table 3). The total protein profile analysis using

SDS-PAGE revealed difference of six polypeptides

between cypermethrin-induced and non-induced cells. The

protein bands may correspond to the enzymes involved in

cypermethrin degradation (Fig. 5). HPLC analysis of

reaction mixture from induced cells showed utilization of

substrates, while that from non-induced cells almost had no

elimination activity (data not shown). From these results,

we can suggest that the cypermethrin degradation enzyme

of MCm5, FCm9 and RCm6 was inducible.

Determination of Auxiliary Characteristics

The plant growth-promoting activities of bacterial strains,

both in the absence and presence of cypermethrin, were

determined (Table 4). All the strains demonstrated phos-

phate-solubilizing activity by producing a clear halo

around their growth in both conditions. However, phos-

phate solubilization activity was reduced at higher con-

centration of cypermethrin. The bacterial isolates also

exhibited a substantial production of IAA after 24 h of

incubation. A concentration-dependent increase in IAA

was also observed; MCm5, FCm9, and RCm6 produced

13.5, 11.2, and 11.8 lg mL-1 of IAA in LB broth

(50 lg mL-1 of tryptophan), 17.2, 14.2, 15.3 lg mL-1 of

IAA (at 100 lg mL-1 of tryptophan) and 20.3, 17.4 and

17.8 lg mL-1 of IAA (at 150 lg mL-1 of tryptophan).

Comparing the effect of the absence or presence of cy-

permethrin on IAA production revealed no significant

difference in IAA production at 100 mg L-1 of cyper-

methrin. However, a significant decrease in IAA producing

ability was observed at 200 mg L-1 of cypermethrin.

Furthermore, bacterial strains were also found positive for

ammonia production in both situations.

Discussion

Cypermethrin has been in use since three decades as an

insecticide but it has posed serious threats to aquatic life,
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Fig. 4 Degradation dynamics of cypermethrin-inoculated sterilized

soil; (filled square) non-inoculated non-sterilized soil; (filled triangle)

SS ? A. calcoaceticus MCm5; (filled circle) SS ? B. parabrevis

FCm9; (filled diamond) SS ? Sphingomonas sp. RCm6. Cypermeth-

rin initial concentration was 200 mg kg-1. Symbols are the means of

three replicates, and error bars represent the standard deviation

Table 1 Degradation of different pesticides and metabolites by bacterial isolates in mineral salt medium within 7 days

Strains % degradation of various compounds as C source

Bifenthrin k-Cyhalothrin Deltamethrin Chlorpyrifos Carbofuran 3-PBA Catechol

Control 5.03 ± 0.84 7.33 ± 1.17 4.53 ± 0.5 5.9 ± 0.5 6.3 ± 0.36 3.70 ± 1.20 1.93 ± 0.71

MCm5 78.0 ± 1.16 61.5 ± 0.5 72.7 ± 0.7 13.9 ± 1.1 24.8 ± 1.2 84.5 ± 0.45 73.5 ± 2.18

FCm9 89.0 ± 1.4 60.23 ± 1.7 81.6 ± 0.8 22.8 ± 1.1 70.1 ± 2.08 100 ± 0.0 92.9 ± 1.0

RCm6 82.5 ± 0.7 58.26 ± 0.2 70.2 ± 2.0 13.7 ± 0.7 59.3 ± 1.08 86.8 ± 0.66 74.9 ± 1.15

The values indicate the mean ± SD of three replicates
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due to which its removal from environment is obligatory.

In this study, cypermethrin degrading bacterial strains were

isolated from agricultural soils which had been treated with

pyrethroids and other pesticides over extended period.

Bacterial strains Acinetobacter calcoaceticus MCm5,

Brevibacillus parabrevis FCm9, and Sphingomonas sp.

RCm6 showed maximum degradation potential toward

cypermethrin and degraded 85, 100, and 92 % of applied

concentration (100 mg L-1), respectively. These strains

were also able to degrade range of other pyrethroids which

is obvious due to similar structure of these pesticides. The

genera to which isolates were affiliated have been docu-

mented as potential xenobiotic degraders such as

Sphingomonas have been studied for their role in polycy-

clic aromatic hydrocarbons (PAH) and pesticide metabo-

lism [7, 15]. Similarly genus Acinetobacter [17] and

Brevibacillus [23, 24] have been reported for xenobiotic

degradation.

Soil bioremediation studies revealed that cypermethrin

(200 mg kg-1) was depleted quickly in soils inoculated

with isolates compared to non-inoculated non-sterilized

soil. Soil bioremediation for cypermethrin has been studied

before using actinobacteria Streptomyces aureus HP-S-01

at a concentration of 50 mg kg-1 [5]. Slower rate of cy-

permethrin degradation in non-sterilized can be attributed

to initial smaller community of cypermethrin-degrading

bacteria that grew in number after using cypermethrin and

increased degradation rates in later weeks [12]. A different

feature of A. calcoaceticus MCm5 and B. parabrevis FCm9

revealed during cross feeding study was their ability to

degrade carbofuran along with various pyrethroids. The

soil used for isolation of cypermethrin-degrading bacteria

had also received occasional applications of carbamates

and other pesticides, and this could explain the parallel

adaptation of strains to pesticides of different structures.

These organisms might contain specific enzyme systems

adapted for degradation of structurally different pesticides.

Since the chemical structures of carbamates and pyre-

throids correspond to carboxylic acids, these compounds

can potentially be hydrolyzed by Carboxylesterase [25].

Table 2 Kinetic studies of cypermethrin degradation in various microbiologically active soils

Soil treatment Regression equationa Average k (d-1)b Average V (mg kg-1 d-1)c T1/2 (d)d R2a

SS ln(Ct/Co) = -0.004t ? 0.039 0.0068 0.79 101.93 0.964

SS ? MCm5 ln(Ct/Co) = -0.051t ? 0.157 0.0406 4.27 17.07 0.921

SS ? FCm9 ln(Ct/Co) = -0.12t ? 0.747 0.0722 4.68 9.6 0.735

SS ? RCm6 ln(Ct/Co) = -0.062t ? 0.218 0.0483 4.42 14.35 0.926

nSS ln(Ct/Co) = -0.014t ? 0.005 0.0143 2.02 48.47 0.987

The initial cypermethrin concentration was 200 mg kg-1 soil

SS sterilized soil without inoculum, SS? introduced with, nSS non-sterilized non-inoculated soil
a Linear equation between ln(Ct/C0) of chemical data and time yielded Regression equation and Regression coefficient (R2)
b Degradation rate constant (k) calculated using Ct = C0 9 e-kt. Ct residual concentration of CP (mg kg-1)
c Cypermethrin disappearance rate
d Disappearance time calculated by T1/2 = ln2/k

Table 3 Total protein content (lg mL-1) and specific activities of enzymes in cell-free extract of isolates on methanol (1 % v/v) or cyper-

methrin (100 mg L-1)

Strains Conditions Total protein content

(lg mL-1)

Specific activity of enzymes (units/mg)

Carboxylesterase 3-PBA

dioxygenase

Phenol

hydroxylase

Catechol-1,2

dioxygenase

MCm5 Non-induced 128.5 ± 0.61 0.037d 0.196e 0.66e 0.56e

Induced 178.2 ± 0.15 0.89ab 2.012a 4.60a 3.45a

FCm9 Non-induced 135.8 ± 0.12 0.064e 0.29f 0.39d 0.5d

Induced 211.4 ± 1.4 0.911b 2.22b 4.68b 3.44a

RCm6 Non-induced 121 ± 0.62 0.042d 0.15d 0.39d 0.57de

Induced 195.5 ± 0.85 0.879a 1.93a 4.70b 3.62b

The values indicate the mean ± SD of three replicates

Enzyme activity by induced cell-free extracts was significantly different from non-induced extracts at P [ 0.05 by t test and One-way analysis of

variance (ANOVA)

Values in the same column followed by the different letters (induced a–b, non-induced d–f) are significantly different at P [ 0.05
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Lan et al. [14] developed genetically modified organism

with coexpression of organophosphate hydrolyzing (opd)

gene and carboxylesterase gene (b1 from Culex pipiens) for

the degradation of organophosphates, carbamates, and

synthetic pyrethroids. However, there are no reports of

wild-type microbes degrading both pyrethroids and

carbamates.

Enzyme activity assay revealed that enzymes involved

in cypermethrin degradation were inducible and showed

activity upon exposure to cypermethrin or metabolites, as

studied before for Micrococcus sp. CPN1 [26]. Total

protein profile revealed difference of six bands in the range

of 10–20 and 25–40 KDa between cypermethrin treated

and control cells that might correspond to enzymes

responsible for cypermethrin and metabolite degradation.

In cypermethrin degradation studies, only Pyrethroid

hydrolases have been purified, such as PytZ (25KDa) from

Ochrobactrum anthropi YZ-1 [31] and PytH (31KDa) from

Sphingobium JZ-2 [9]. Phenol hydroxylase (41KDa) and

Catechol-1,2-dioxygenase (34KDa) have been studied for

phenol degradation and appear to be in the range of

30–40 KDa [8, 13].

Determination of plant growth-promoting characteristics

revealed the presence of substantial phosphate solubiliza-

tion, IAA, and ammonia production by cypermethrin-

degrading isolates. Studies with similar results describing

combination of biodegradation potential and plant growth-

promoting traits have been carried out for different pollu-

tants [1, 29]. The presence of cypermethrin in smaller

concentration had non-significant effect on plant growth-

promoting traits; however, a significant reduction in phos-

phate solubilization and IAA production was observed at

high concentration. Similarly, Madhaiyan et al. [18] have

reported decrease in plant growth promoting traits of bac-

teria in the presence of pesticides above recommended rate.

We report the isolation of efficient cypermethrin

degrading bacterial isolates from contaminated agricultural

soil. The isolates were able to degrade cypermethrin

completely and bioremediated soil with cypermethrin

concentration as high as 200 mg kg-1. Moreover, the iso-

lates harbored the ability to degrade structurally different

pesticides and organic compounds. Enzyme assays and

total protein expression studies revealed that cypermethrin-

degrading enzymes were inducible. Interesting feature of

these isolates was their ability to own plant growth-

Fig. 5 SDS-PAGE analysis of difference in expression of cellular

proteins on incubation with methanol (1 % v/v) or cypermethrin

(100 mg L-1) as growth substrates. Lanes: M = marker; 1, 3, and

5 = cypermethrin treated; 2, 4, and 6 = control. Arrows indicate the

bands appeared differently in treated samples compared to control

Table 4 Plant growth-promoting activities of cypermethrin-degrading strains in presence and absence of cypermethrin

Characteristics CPM conc. (mg L-1) Bacterial strains

Acinetobacter

Calcoaceticus MCm5

Brevibacillus

Parabrevis FCm9

Sphingomonas sp.

RCm6

Phosphate solubilization Control 4.2 ± 0.04c 3.7 ± 0.04b 4.0 ± 0.08b

100 4.0 ± 0.12b 3.6 ± 0.09b 3.9 ± 0.04b

Zone (mm) 200 3.6 ± 0.04a 3.3 ± 0.0a 3.6 ± 0.08a

IAA (ug mL-1) Control 17.2 ± 0.5b 14.2 ± 0.54b 15.3 ± 0.3b

100 17.0 ± 0.3b 14.2 ± 0.12b 15.0 ± 0.4b

200 14.6 ± 0.35a 11.8 ± 0.2a 13.8 ± 0.24a

Ammonia production Control ??? ??? ???

100 ??? ??? ???

200 ??? ??? ??

IAA indole acetic acid; the values indicate the mean ± SD of three replicates

??? large amount of ammonia, ?? moderate amount of ammonia

Means in the same column followed by the different letters are significantly different at P [ 0.05
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promoting characteristics that made these isolates ecolog-

ical triumph for remediation of pesticide contaminated

environments.
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