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INTRODUCTION

Production and use of synthetic pesticides have 
been dramatically increased after the end of 
the Second World War (Johnson and Talbot, 
1983). Introduction of synthetic pesticides 
has massively contributed to the agriculture 
sector in controlling pests worldwide, thereby 
increasing the crop yield from agriculture. But, 
after applying these pesticidal chemicals into 
agricultural lands, the fate of these chemicals 
in the environment has formerly become a 
mystery. Later, scientists have identified that the 
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ABSTRACT

Purpose: Scientists have identified a plenty of bacterial strains having ability to degrade pesticide residues 
accumulated in the environment. Due to wide variation of chemical properties of pesticides, a single strain 
may not be versatile. Hence, identification of bioremediation ability of various bacteria is important. This 
review focused on understanding and explaining the role of soil bacteria having pesticide detoxification 
ability.

Methodology: Previous research articles, book chapters and literature on bioremediation ability of different 
soil bacteria were reviewed and various strains of soil bacteria having bioremediation ability, mechanisms 
behind microbial bioremediation, factors affecting bioremediation and limitations and recent advancements 
of bioremediation were identified. Based on identified research gaps, further perspectives were introduced. 

Findings: The results revealed that plenty of soil bacteria having a bioremediation potential have been 
identified worldwide. As the major mechanism of bioremediation, the microorganisms consume pesticide-
contaminated in the soil as their energy or nutrient sources. Various factors such as Bioavailability, 
Substrate and Environmental factors effect on bioremediation potential. Biostimulation, Bioaugmentation, 
Biopiling, Composting, Bioreactors and Land farming are identified as popular bioremediation methods 
suiTable 0for the bioremediation of pesticide contaminants. However, this technique still remains partially 
developed due to the lack of versatile microorganisms for detoxifying variety of different pesticides.

Originality/Value: As this is still a developing area, conducting further researches is timely important. 
Hence, reviewing literature and identifying already covered areas are important in mitigating the research 
gap. Therefore, focusing further research goals for the researchers is greatly helpful.
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pesticides applied to the land can be either built 
up in the environment or degraded. Although 
the prolong existence of these chemicals may 
be an advantage for the sustained pest control, 
cumulative effect of residual accumulation can 
be adverse on the balance of environment and 
all living organisms including human beings. 
On the other hand, nature of the end products of 
natural degradation is distrustful because toxicity 
of the pesticide may be increased or decreased 
upon conversion to another compound (Menzie, 
1972; Gavrilescu, 2005). As well, the persistence 
of pesticide residuals is also unrevealed because 
pesticide residuals are found in different matrices 
in the environment in different forms (Darko et 
al., 2008; Nag and Raikwar, 2011; Silva et al., 
2019; Heshmati et al., 2020). The intensive and 
indiscriminate usage of pesticides has resulted 
in serious health issues both in human and other 
life forms, as well as there exist adverse side 
effects to the environment (Jeyaratnam, 1985; 
Kumar et al., 2013b; Sharma and Singhvi, 2017). 
Moreover, pesticide residue accumulation can 
happen in the tissues of living beings inhabited 
in pesticide contaminated environments and, 
transferred through food chains (Varo et al., 2002; 
Akan et al., 2013). On the other hand, Pesticide 
leaching into the soil and groundwater bodies is 
also an important cause to consider (Chen and 
Mulchandani, 1998). Although pesticides cause 
many adverse effects to the nature, necessity of 
pesticide usage is dramatically increased with the 
increase of world population. Increasing world 
population greatly increases the demand for food 
production leading to intensive agriculture, as 
there is limited land available for cultivation. 
This may also dramatically increase the future 
pesticide usage making the scenario worst 
(Stephenson et al., 2001; Popp et al., 2013). 
The adverse effects of pesticides are becoming 
increasingly clear on the natural ecosystem as 
well as on human health. In terms of overcoming 
these adverse impacts, discovery of rapid pesticide 
detoxification techniques is timely important. 
Bioremediation plays a great role in detoxifying 
residual pesticides in the environment. 

The capability of various microorganisms 
to degrade or detoxify pesticides has been 
exploited. In the process of bioremediation, 
harmful compounds of pesticides are broken 

down into harmless non-toxic compounds 
through microbial metabolism. (Gavrilescu, 
2005; Odukkathil and Vasudevan, 2013). 
Fungi, bacteria, cyanobacteria, actinobacteria 
and some of other microorganisms have been 
recognized with the capabilities of degrading 
pesticides. However, majority of identified soil 
microorganisms having such abilities are bacteria 
and fungi (Geetha and Fulekar, 2008; Odukkathil 
and Vasudevan, 2013; Uqab et al., 2016).

Different Classifications of Pesticides

For the purpose of identification, pesticides 
have been classified into groups using various 
classification methods. However, there are 
mainly three popular methods used for pesticide 
classification such as, classification based on the 
“mode of entry, target pests, and chemical type” 
(Yadav and Devi, 2017). In addition to the above 
three methods, classifications based on toxicity 
level, and mode of action can also be found 
(Akashe et al., 2018). In the classification based 
on ‘mode of entry’, the way how a particular 
pesticide come into contact with or enter into 
the target pest is considered. According to 
this classification, there are several classes of 
pesticides such as, “systemic, contact, fumigants, 
stomach poisons, and repellents” (Yadav and 
Devi, 2017; Akashe et al., 2018). Based on the 
target pests, pesticides are grouped into several 
categories such as, “insecticides, fungicides, 
rodenticides, algaecides, nematicides, acaricides, 
larvicides, aphicides, molluscicides, miticides, 
ixodicides, bactericides and herbicides” (Gilden 
et al., 2010; Yadav and Devi, 2017; Akashe 
et al., 2018). Based on the type of chemical, 
pesticides can be again grouped into several 
classes such as, “organic, inorganic, synthetic, 
and biological” (Council_on_Scientific_Affairs, 
1997). Moreover, the chemical composition 
based classification of pesticides have grouped 
various pesticides into four main groups 
such as, “organophosphorus, organochlorine, 
carbamates, and pyrethroids” (Yadav and Devi, 
2017). In addition to that, “arsenic compounds, 
mercury compounds, copper compounds, 
bipyridylium compounds, coumarin derivatives, 
nitrophenol derivatives, phenoxyacetic acid 
derivatives, triazine derivatives, organotin, 
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pyrazoles, and thiocarbamates” are also some 
groups of pesticides classified, based on 
chemical composition (WHO, 2010). Based on 
toxicity level or LD50¬ value, pesticides have 
further been classified into several groups such 
as, “extremely hazardous, highly hazardous, 
moderately hazardous, slightly hazardous, and 
unlikely to present acute hazard” (WHO, 2010; 
Akashe et al., 2018). According to the mode 
of action, pesticides are classified into several 
groups such as, “physical poison, protoplasmic 
poison, respiratory poison, nerve poison, and 
chitin inhibition” (Akashe et al., 2018). Of 
major classes of common pesticides used in the 
world, majority accounts for herbicides (47.5 %) 
followed by insecticides (29.5 %), fungicides 
(17.5 %), and other pesticides (5.5 %) such as, 
bactericides, acaricides, rodenticides etc. (De et 
al., 2014; Sharma et al., 2019). Figure 01 shows 
the summary of the different classifications of 
pesticides in the world. 

Worldwide Usage of Pesticides 

Although a part of the people is focusing on 
negative attributes of pesticides, their worldwide 
usage in agriculture has become indispensable 
nowadays and a number of benefits from different 
types of pesticide have been identified (Cooper 
and Dobson, 2007; Popp et al., 2013; Mahmood 

et al., 2016). Some scientists argue that, if 
pesticides were to be abolished, the lives lost due 
to food shortage would be increased implying that 
the massive contribution of pesticides towards 
the augment of agriculture (Lomborg, 2001). De 
et al. (2014) have stated that the global pesticide 
consumption was around two million tons per 
year. However, by the year 2020, the global 
pesticide usage has been estimated to increase up 
to 3.5 million tonnes (Zhang, 2018; Sharma et 
al., 2019). From the total amount, 45 % is used 
by Europe whereas, 25 % and 3.75 % are used 
by USA and India respectively, leaving the rest 
of the total amount to be used in other countries. 
However, the statistics of “Food and Agriculture 
Organization of United Nations” (FAO) indicate 
that out of the total world pesticide usage, 52.8 
% is considered to be used by Asia whereas, 30.0 
% is used by USA, 13.7 % is used by Europe, 2.2 
% is used by Africa and 1.3 % used by Oceania. 
These data show that the highest average 
pesticide user is the Asian continent (FAO, 2020). 
However, there is a discrepancy between the 
statistics of these two sources. According to the 
FAO statistics, the world average pesticide usage 
has been increased drastically from 2285881.41 
to 4113591.25 metric tons within a period of 27 
years, since 1990 to 2017. Figure 02 summarizes 
the increasing pattern of average world pesticide 
usage from 1990 to 2017.

Figure 01:	 Different Classifications of Pesticides in the world 
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Pesticides as Environmental Pollutants

Although pesticides play a great role in agriculture, 
there is no doubt that they have some adverse 
impacts on the environment. Use of pesticide 
in high input agriculture is ineviTable 0and the 
extensive usage has created a greater threat to 
the ecosystem as well as to the human health 
(Carvalho, 2017). Due to the high toxicity and 
high biological activity of pesticides, they hold an 
exclusive position out of the other environmental 
contaminants. The effect of pesticides is not only 
on the target pest but also on the other non-target 
organisms such as, earthworms, natural predators 
and pollinators. Not only the terrestrial animals 
but also most of the aquatic animals, planktons, 
birds and microorganisms are also affected by the 
toxic effect of pesticides (Ware, 1980; Flexner et 
al., 1986; Smith and Stratton, 1986; Pereira et al., 
2009). This can directly affect the balance of the 
natural ecosystem. Most of the previous studies 
have shown that only a very small percentage 
(0.3 %) of the entire amount of pesticides applied 
to a land reaches the target pest whilst the rest 
goes somewhere else (Pimentel, 1995; van der 
Werf, 1996) and although the pesticide is applied 
into a small area, it can spread over a vast area. 
After getting released into the environment, 

Figure 02:	 Increasing pattern of average world pesticide usage from 1990 to 2017

pesticides may have many different fates such 
as, retaining in the air, absorbing into the soil or 
dissolving in the water etc. Pesticide residues in 
the soil can reach surface water bodies through 
surface runoff or may contaminate the ground 
water by percolation (van der Werf, 1996; 
Yadav and Devi, 2017). The toxic compounds 
in pesticides mixed with surface water bodies 
can directly affect aquatic organisms. Moreover, 
pesticide residues could be accumulated in the 
tissues of living beings and transferred from one 
level to the next through food chains (Chen and 
Mulchandani, 1998). Human beings can also be 
directly or indirectly affected by the toxicity of 
pesticides (Chen and Mulchandani, 1998; Curl 
et al., 2002; Young et al., 2005; Binukumar and 
Gill, 2011; Yadav and Devi, 2017). 

Biodegradation vs Bioremediation

Microorganisms or plants mediated 
transformation of toxic pollutants into less 
or more-toxic forms or total mineralization 
yielding water and either carbon dioxide or 
methane can be identified as biodegradation 
(Hutchinson et al., 2001; Singh and Ward, 
2004). Bioremediation is a technological 
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approach where the biodegradation ability of 
microorganisms or plants are methodically 
utilized in order to convert toxic pollutants 
into less or nontoxic compounds (Hutchinson 
et al., 2001; Singh and Ward, 2004; Das and 
Dash, 2014). Plant mediated bioremediation 
process is termed as phytoremediation (Singh 
and Ward, 2004). Since past, bioremediation 
has been used in waste water treatments. Now a 
days, this technology has been further developed 
and used globally (Iqbal and Bartakke, 2014). 
Moreover, bioremediation is considered as a 
safe, cheaper and environmentally sound method 
of sequestering harmful contaminants from 
the natural ecosystem (Das and Dash, 2014; 
Bhardwaj et al., 2019). Microbial bioremediation 
can effectively be used in detoxifying toxic 
pesticide residues built up in the environment 
and an ample number of studies have been 
conducted in this regard worldwide. In natural 
habitats, microorganisms are generally existing 
as consortia which are more efficient than single 
strains in degrading pesticides and as a result, 
a microbial consortium can degrade different 
types of pesticides simultaneously (Góngora-
Echeverría et al., 2020). In some studies, they 
have tested the bioremediation ability of some 
natural soil microorganism consortia whereas, 
some scientists have isolated microorganisms 
followed by testing the individual ability of 
microbes to degrade pesticides (McAllister et 
al., 1996; Geetha and Fulekar, 2008; Massiha et 
al., 2011; Werren, 2012). In addition to the soil 
and water inhabited bacteria, some studies have 
revealed that some microbes in the gut microbiota 
of some insects have the capability of degrading 
some insecticides (Almeida et al., 2017).

Mechanism of Microbial Bioremediation

As far as the mechanism of microbial degradation 
of contaminants like pesticides is concerned, most 
of the microorganisms consume the contaminants 
as their energy or nutrient sources. They degrade 
some pollutants in order to gain nutrients or energy 
released during the breaking down of chemical 
bonds. As a result of this microbial degradation, 
the initial harmful substances are converted into 
less or nontoxic byproducts. Basically, this is the 
principle behind the microbial bioremediation 

(Bollag and Liu, 1990; Aislabie and LloydJones, 
1995; Boopathy, 2000; Karigar and Rao, 2011; 
Das and Dash, 2014). Most of the studies have 
revealed that various microorganisms having 
ability to degrade toxic compounds utilize 
those compounds as their sole carbon source 
(Sethunathan and Yoshida, 1973; Saber and 
Crawford, 1985; Chaudhry et al., 1988; Struthers 
et al., 1998; Cycoń et al., 2009). Whereas, some 
microorganisms use pollutants as a substrate to 
fulfill their nitrogen requirement (Struthers et 
al., 1998; Wang et al., 2005; Iwaki et al., 2007). 
Various mechanisms such as, aerobic, anaerobic 
and chemolithotrophic metabolism, metabolism 
via extracellular enzymes, and fermentation are 
used by different microorganisms to degrade 
organic pollutants (Bollag and Liu, 1990). 

In most of the reported cases, enzymatic 
degradation has been identified as one of the 
major mechanisms used by microorganisms in 
bioremediation process (Scott et al., 2008; Scott 
et al., 2011; Odukkathil and Vasudevan, 2013; 
Uqab et al., 2016). Some microorganisms are 
capable of producing enzymes that can degrade the 
active ingredients of pesticides. These enzymes 
act as potential factors for bioremediation of 
pesticide contaminants. However, due to the 
broad diversity of the pesticide chemistry, a 
wide range of enzyme groups may be required 
for bioremediation of pesticides (Scott et al., 
2008). Oxidoreductases, monooxygenases, 
dioxygenases, hydrolases, phosphotriesterases, 
lyases, haloalkane dehydrochlorinases, laccases, 
peroxidases, lipases, cellulases, and proteases 
can be considered as some of the major enzyme 
groups that play a significant role in pesticide 
bioremediation (Scott et al., 2008; Karigar 
and Rao, 2011). With the intervention of these 
enzymes, substrates may be subjected to the 
reactions such as, “oxidation, hydroxylation, 
denitrification, desulfurization, dehalogenation, 
demethylation,ammonification, decarboxylation, 
and hydrolysis” based on the chemical structure 
of the pesticides (Karigar and Rao, 2011). 
Co-metabolism is another way by which 
microorganisms transform toxic pollutants into 
other forms of compounds indirectly without 
utilizing them as a nutrient or energy source 
(Bollag and Liu, 1990). 



24

The Journal of Agricultural Sciences - Sri Lanka, 2022, Vol. 17 No 1

Demobilization of contaminants is also another 
mechanism in bioremediation. Microorganisms 
can demobilize contaminants through different 
ways such as, sorption or accumulation of organic 
pollutants by microbial biomass, precipitation of 
toxic elements by producing reduced or oxidized 
forms, and polymerization or conjugation of 
organic molecules of pollutants by linking with 
each other or with natural compounds in the 
environment. Secondary effects of microbial 
activities may be helpful for the bioremediation 
process. In this scenario, toxic compounds are 
transformed into less or nontoxic substances due 
to the environmental changes such as, pH, redox 
conditions, and reactive products generated due 
to microbial activities in the polluted environment 
(Bollag and Liu, 1990). 

Scientists have identified some genes in 
bacterial genomes involved in bioremediation of 
pesticides (Aislabie and LloydJones, 1995; Chen 
and Mulchandani, 1998; Das and Dash, 2014). 
Numerous genes significant for the formation 
of catabolic enzymes associated with microbial 
degradation of pollutants have been identified 
to be present in plasmids of bacteria. Evolution 
of the bacteria in order to gain new derivative 
capabilities and adaptations to environments 
contaminated with xenobiotic compounds are 
dramatically supported by these plasmid genes 
(Bollag and Liu, 1990). With technological 
advancements, scientists are working on 
developing microbial strains with novel catabolic 
capabilities that can be used in bioremediation by 
genetic engineering technologies (Jafari et al., 
2013; Kumar et al., 2013a; Das and Dash, 2014; 
Gupta and Singh, 2017; Kumar et al., 2018). 

Factors Affecting Bioremediation and 
Limitations of Bioremediation

Optimization and control of bioremediation is 
a complex procedure driven by many factors 
(Das and Dash, 2014). There are various factors 
affecting bioremediation potential and they can 
be discussed as below.

Bioavailability 

Presence of microbial population with 
bioremediation ability is one of the major 
factors (Das and Dash, 2014). Even though 
microorganisms play a great role in bioremediation, 
our knowledge on the bioremediation potential 
of microorganisms is very limited (Dua et al., 
2002; Hassan et al., 2016). Bioremediation is 
traditionally carried out in natural environment 
where many of the organisms have not been 
characterized. Only a limited number of 
microbes having bioremediation potential have 
been identified and characterized so far. This is 
also a crucial limiting factor of bioremediation 
(Singh and Ward, 2004). Microbial interactions 
(competition, succession, and predation) and 
the formation of toxic metabolites during 
bioremediation process may also be limitations 
(Boopathy, 2000). 

Substrate

Availability of sufficient concentration of 
pollutant or toxic compounds that can be utilized 
by microorganisms for their nutrients or energy 
needs is one of the most important factor that affects 
bioremediation potential (Boopathy, 2000; Singh 
and Ward, 2004). Even though microorganisms 
are present, if the toxicity of the pollutant is not 
tolerable by microorganisms, it will reduce their 
bioremediation potential (Singh and Ward, 2004). 
Chemical structure of contaminants is also an 
important factor. Sometimes, the compounds in 
pollutants may be non-biodegradable compounds 
such as, polymers, plastics etc. (Boopathy, 2000; 
Singh and Ward, 2004). “Chemical, physical, 
and biological” differences of the contaminated 
substance are also limitations of bioremediation 
(Das and Dash, 2014). 

Environmental Factors

“Temperature, pH, availability of oxygen” 
or any other electron acceptors (Boopathy, 
2000; Singh and Ward, 2004; Das and Dash, 
2014), redox potential (Eh), salinity (Aislabie 
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and LloydJones, 1995; Boopathy, 2000), and 
moisture content (Aislabie and LloydJones, 
1995; Singh et al., 2004; Das and Dash, 2014) are 
major environmental factors that directly affect 
the bioremediation potential. Either depletion 
of preferential substrates (Boopathy, 2000), the 
presence of readily available alternative nutrient 
sources, alternative electron acceptors in the 
environment, light quality and intensity can also be 
limitations for bioremediation potential (Aislabie 
and Lloyd Jones, 1995). For instance, Vasilyeva 
and Strijakova (2007) have discussed usage of the 
potential of microorganisms for bioremediation 
of soils and sediments contaminated with 
polychlorinated biphenyls under anaerobic and 
aerobic conditions. Under considered conditions, 
the remediation efficiency was higher in aerobic 
bioremediation. However, they have stated that 
contaminants can be noticeably decreased only 
under sequential anaerobic/aerobic treatment. 
It says that the effectiveness of the remediation 
process can vary depending on such different 
environmental conditions.

Other Imitating factors

In addition to the major limitations that occurred 
due to inappropriate bioavailability, substrate 
and environmental factors, some other limiting 
factors can also be identified. Among them, the 
Cost-benefit ratio may also be a limitation for 
the bioremediation process. (Varshney, 2019). 
Moreover, environmental disruptions may 
also become a limitation. For instance, when 
microorganisms are introduced to a natural land 
for the purpose of bioremediation, this can be 
disruptive to some other beneficial organisms 
due to the competition for nutrients or any 
other interactions among them. The organisms 
used in bioremediation may not always depend 
on the pollutant in obtaining required nutrients 
instead, they may tend to depend on other 
commonly available nutrient sources in the 
environment. Besides, the impact of genetically 
altered bioremediation organisms is even less 
understood. Hence, using such techniques may 
cause unnecessary environmental impacts. These 
facts can be considerable bottlenecks of in situ 
remediations. Time factor may also be another 

impotent aspect to be considered. This is because 
the microbial bioremediation process may take 
more time than that we expect (Singh, 2008). 
Moreover, in case the microbes used for the 
bioremediation produce secondary metabolites 
that can be more toxic or harmful than the original 
source contaminants, it can be another burning 
issue. Hence, investigating this area broadly 
before applying bioremediation techniques is 
greatly significant (Hassan et al., 2016).

Popular Bioremediation Techniques in the 
World

Even in the presence of many limiting factors, 
modern bioremediation techniques have 
achieved a substantial development making 
bioremediation an efficacious way of removing 
pollutants from the environment. As far as 
popular microbial bioremediation strategies in 
the world are concerned, there are mainly two 
types as In situ and Ex situ bioremediations 
(Boopathy, 2000; Iwamoto and Nasu, 2001; 
Das and Dash, 2014). In situ bioremediation is 
a method of applying bioremediation techniques 
at the contaminated site itself. In this technique, 
either taking scientific approaches to enhance 
the biodegradation ability of natural microflora 
or introducing a group of natural or genetically 
modified strains into the contaminated site is used. 
In Ex situ bioremediation process, contaminated 
materials are transported into a separate place 
where microbial bioremediation takes place 
under controlled conditions. In these strategies, 
many scientific and engineering technologies are 
used in optimization and control of microbial 
conversion of contaminants (Boopathy, 2000; 
Iwamoto and Nasu, 2001). 

Bio-stimulation, Bioventing, Biosparging, 
Bioaugmentation, Biopiling, Composting, 
Bioreactors, Land farming like various popular 
bioremediation techniques are currently in 
practice in the world. In bio-stimulation, 
naturally occurring microorganisms are 
employed in degrading pollutants such as 
hydrocarbons, pesticides etc. Scientists have 
proven that bio-stimulation has a real potential 
as a technology for remediating contaminants 
in soil and water environments (Andreolli et al., 
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2015; Aldas-Vargas et al., 2021). If the natural 
degradation does not happen or it is very slow, 
a stimulation of natural microbial degradation is 
achieved by supplying some nutrients such as, 
nitrogen, phosphorus and oxygen like electron 
acceptors required for the microbial activity 
(Boopathy, 2000; Iwamoto and Nasu, 2001). 
Bioaugmentation is also an In situ bioremediation 
techniques. This is more popular in remediation 
of pesticide contaminated soils (Pimmata et 
al., 2013; Cycoń et al., 2017; Raimondo et al., 
2020a; Raimondo et al., 2020b). This technique 
differs from the above techniques as a group 
of natural or genetically engineered microbial 
strains (bacterial cultures) are introduced to the 
contaminated site to degrade contaminants (Das 
and Dash, 2014). According to Iwamoto and 
Nasu (2001), the bioaugmentation is an effective 
In situ bioremediation method to degrade very 
recalcitrant chemicals where most of the other 
bioremediation techniques are not successful. 
Boopathy (2000) says that bioaugmentation 
is abundantly used in both In situ and Ex 
situ systems. Moreover, some scientists have 
conducted research by combining both the 
above techniques together and proven that 
combination of above two strategies enhances 
the effectiveness of bioremediation (Pimmata et 
al., 2013; Raimondo et al., 2020a; Raimondo et 
al., 2020b). Biopiling is also another type of In 
situ bioremediation technique where excavated / 
tilled soil is mixed with soil amendments followed 
by forced aeration. In a basic biopile system, a 
treatment bed, an aeration system, an irrigation / 
nutrient system, and a leachate collection system 
are included and environmental factors such as, 
moisture, pH, oxygen and nutrients are controlled 
within the biopile system. Irrigation / nutrient 
system is placed under soil whilst nutrients and 
air are passed by means of a positive or a negative 
pressure (Das and Dash, 2014). This method can 
also be identified as a successful and suiTable 
0method for the bioremediation of pesticide 
contaminated soils (Parween et al., 2018; 
Varshney, 2019). Composting is the most common 
Ex situ bioremediation method (Das and Dash, 
2014). This is an aerobic, thermophilic treatment 
process in which contaminated materials and a 
bulking agent are mixed together in an aerated or 
a static pile followed by a microbial degradation 
(Boopathy, 2000). Typically the degradation 

process happens at an elevated temperature (in 
a range of 55o - 65oC) resulted from the heat 
produced by the microorganisms themselves (Das 
and Dash, 2014). Composting has been mostly 
used in bioremediation of petroleum hydrocarbon 
contaminated soils (Jørgensen et al., 2000; 
Namkoong et al., 2002; Van Gestel et al., 2003). 
However, it can also be helpful in remediation of 
pesticide contaminants as well (Mena et al., 2003). 
Bioreactor is an Ex situ bioremediation practice 
in which contaminated medium is treated in a 
container or a vessel called a reactor (Boopathy, 
2000; Das and Dash, 2014) and slurry or aquatic 
media are used. This technique is especially 
used to treat soil and water, pumped out of a 
contaminated site. A containment apparatus that 
forms three-phase (Solid, liquid and gas) mixing 
condition is used. Within this engineered system, 
the rate of microbial bioremediation of water 
soluble pollutants attached to soil is increased 
by enhancing the bio availability of the target 
contaminant (Das and Dash, 2014). This strategy 
can also be used in decontaminating pesticide 
contaminated soil and water. However, this 
method seems a much complicated and costly 
method when compared with above methods, 
since the bioremediation process cannot be 
performed in In situ conditions (Zapata et al., 
2010; Suciu et al., 2013; Sun et al., 2020). Land 
farming is a “solid-phase remedial system” 
used to treat contaminated soils. This may be 
performed as Ex situ or In situ bioremediation 
practice (Boopathy, 2000). In this technique, 
contaminated wastes are deposited on the soil 
surface followed by degradation of contaminants 
by natural microbial metabolism (Marin et al., 
2005; Lukić et al., 2017). One week later, wastes 
deposited on the soil surface are mixed with the 
top 1m layer of soil and subsequently treated by 
aerating the that soil layer once a month (Marin 
et al., 2005). Soil environmental conditions are 
also controlled by monitoring moisture, pH and 
nutrients (Lukić et al., 2017).

Biosparging is an In situ bioremediation method 
which is somewhat similar to the bio stimulation. 
In this method, a pressurized air flow is 
injected below the ground water Table 0using 
air injection points having a small-diameter in 
order to enhance the oxygen concentration of 
water. As a consequence, biological degradation 
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of contaminants by natural microflora involved 
in bioremediation is increased. (Das and 
Dash, 2014). Bioventing is another In situ 
bioremediation method which is used to stimulate 
natural microbial degradation of contaminants. 
In this technique, amount of oxygen sufficient 
for the sustainable microbial activity is provided 
using low air flow rates. This technique is also 
fairly similar to above two techniques. But 
generally in bioventing, the aeration of the 
unsaturated vadose zone is done where injection 
of air into the groundwater is done in biosparing 
to provide oxygen for groundwater remediation. 
(Boopathy, 2000; Das and Dash, 2014). These two 
strategies are commonly used in bioremediation 
of petroleum contaminated soil and ground water 
(Gray et al., 1996). Both of the above techniques 
are not generally employed in pesticide polluted 
locations (Parween et al., 2018).

Recent Advancements in Bioremediation

Since this field is still a developing area, it has 
taken the attention of most worldwide scientists. 
Hence, new improvements blend with new 
technological approaches are often observed. 
Most recently, scientists are focusing on 
advancements such as gene editing and system 
biology tools for pesticide bioremediation. In 
this context, scientists attempt to understand the 
genetics and biochemistry of the biodegradation 
process performed by natural microbes and 
using these data, try to develop a biodegradation 
network consists of all the datasets which aid 
in assisting the degradation and deterioration 
potential of microorganisms for bioremediation 
processes. This approach makes a path to 
develop remunerative systems by compiling the 
knowledge obtained by individual researchers. 
Moreover, worldwide, scientists are taking 
attempts in using recombinant DNA technology 
and gene-editing tools like CRISPR Cas, TALEN 
and ZFNs which can design genetically modified 
microbes having functional genes of interest for 
degradation of pollutants that are important for 
improved bioremediation (Jaiswal et al., 2019; 
Sharma and Shukla, 2020). Some scientists are 
researching using microbial glycoconjugates in 

the bioremediation of pollutants. Glycoconjugates 
amphiphilic compounds are synthesized onto 
the cell surface of the microorganism. These 
compounds act as a bridge between the microbial 
strains and soil, due to which the bioavailability 
of the pollutants increases and this can also be 
identified as a recent advancement in this field 
(Bhatt et al., 2021b). In addition to that, some ideas 
have been proposed to study various microbes 
when they live together as a community. Hence, 
scientists are currently researching the benefits 
of using microbial consortia in bio remediating 
pesticide contaminants beyond using an axenic 
culture in the process of bioremediation. Some 
studies have shown that using a mixed culture 
is more effective (Pimmata et al., 2013; Bhatt 
et al., 2021). For instance, Jariyal et al. (2018) 
have shown that a microbial consortia of three 
microorganisms (Brevibacterium frigoritolerans, 
Bacillus aerophilus and Pseudomonas fulva) 
could degrade organ phosphorus pesticide 
phorate, and the highest phorate removal (between 
97.65 and 98.31%) was found in soils inoculated 
with mixed cultures of all the three bacterial 
species. Another recently completed study has 
shown that a microbial consortium isolated from 
a (soil-straw; 1:1, v/v) biomixture can be used to 
successfully bioremediate a number of pesticides 
in a pesticide contaminated biobed (Góngora-
Echeverría et al., 2020). Moreover, Some recent 
studies have proven that using a combination 
of two or more bioremediation strategies such 
as biostimulation, bioaugmentation etc. also 
enhances the effectiveness of bioremediation 
(Pimmata et al., 2013; Raimondo et al., 2020a; 
Raimondo et al., 2020b; Zhang et al., 2020). 

Soil Bacteria Capable of Degrading Pesticides

Various soil bacterial strains have been identified 
with detoxification ability of pesticides and 
used successfully in bioremediation of pesticide 
contaminated sites. Ample studies have been 
conducted in this field worldwide. Some 
examples of soil bacteria with bioremediation 
potential are given bellow and this information is 
summarized in Table 01.
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Table 01:	 Different soil bacteria species capable of degrading various pesticides

 Bacterial species Type of pesticide degraded Reference

Flavobacterium spp

Diazinon, Parathion (Sethunathan and Yoshida, 1973)
Diazinon (Yasouri, 2006)

Pentachlorophenol (Saber and Crawford, 1985)
Pentachlorophenol (Briglia et al., 1990)

Sphingobium spp. Fenobucarb, Carbaryl (Kim et al., 2014)

Sphingobium fuliginis
Diazinon, Parathion (Kawahara et al., 2010)

Buprofezin (Liu et al., 2015)
Sphingomonas sp Fenvalerate (Yu et al., 2013)

Agrobacterium spp.

Diazinon (Yasouri, 2006)

Methyl parathion
Phoxim, Methamidophos, 
Chlorpyrifos, Carbofuran, 

Deltamethrin 

(Wang et al., 2012)

Atrazine (Struthers et al., 1998)

Pseudomonas spp.
Diazinon (Yasouri, 2006)

(Cycoń et al., 2009)
Profenofos (Malghani et al., 2009)

Methyl Parathion (Chaudhry et al., 1988)

Pseudomonas alcaligenes.

Chlorpropham, Chlorobufam 
Isopropyl-N-phenylcarbamate, 
Methyl N-(3,4dichlorophenyl)

carbamate, propanil

(Marty and Vouges, 1987)

Pseudomonas psychrophila Chlorpyrifos, Cypermethrin,
Endosulfan (Naphade et al., 2012)

Pseudomonas aeruginosa Chlorpyrifos, Cypermethrin,
Endosulfan (Naphade et al., 2012)

Pseudomonas frederiksbergensis Endosulfan, Chlorpyrifos, 
Malathion (Iqbal and Bartakke, 2014)

Serratia spp. Diazinon (Cycoń et al., 2009)
Serratia liquefaciens Diazinon, Malathion (Iqbal and Bartakke, 2014)
Serratia marcescens Diazinon, Chlorpyrifos (Iqbal and Bartakke, 2014)

Enterobacter spp. (Strain B-14) Chlorpyrifos, Parathion, Diazinon, 
Coumaphos, Isazofos

(Singh et al., 2004)

Burkholderia gladioli
Profenofos (Malghani et al., 2009)
Dimetoate (Iqbal and Bartakke, 2014)

Burkholderia terrae 2,4-dinitrophenol (Iwaki et al., 2007)
Burkholderia cepacia 2,4-dichlorophenoxyacetate (Smith and Beadle, 2008)
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Novosphingobium spp

Fenobucarb, Carbaryl,
2-sec-butylphenol (Kim et al., 2014)

Carbofuran (Yan et al., 2007)
2,4-dichlorophenoxyacetic

acid (2,4-D) (Dai et al., 2015)

Rhodococcus erythropolis Endosulfan (Kumar et al., 2007)
Rhodococcus chlorophenolicus Pentachlorophenol (Briglia et al., 1990)

Bacillus spp. Mesotrione (Batisson et al., 2009). 
Bacillus spp. Triazophos (Tang and You, 2012).
Bacillus spp. Methylparathion (Sreenivasulu and Aparna, 2001)

Bacillus pumilus Malathion, Dimetoate,
Chlorpyrifos (Iqbal and Bartakke, 2014)

Stenotrophomonas
maltophilia Endosulfan (Kumar et al., 2007)

Acinetobacter radioresistens Chlorpyrifos (Iqbal and Bartakke, 2014)

Klebsiella spp. Chlorpyrifos (Ghanem et al., 2007)
(John et al., 2018)

Klebsiella spp. Triazophos (Wang et al., 2005)
Klebsiella pneumoniae Endosulfan (Kwon et al., 2002)

Klebsiella oxytoca Endosulfan (Kwon et al., 2005)
Arthrobacter spp. Carbaryl (Sato et al., 1999)
Arthrobacter spp. Diuron (Widehem et al., 2002)
Arthrobacter spp. Atrazine (Getenga et al., 2009)
Arthrobacter spp. Terbuthylazine (Getenga et al., 2009)
Lysobacter spp. Chlorothalonil (Wang et al., 2011)

Stenotrophomonas spp. Chlorothalonil (ZHANG et al., 2014)

Stenotrophomonas spp. O,O-dialkyl phosphorothioate 
O,O-dialkyl phosphate (Deng et al., 2015)

Stenotrophomonas maltophilia Chlorpyrifos (Dubey and Fulekar, 2012)
Stenotrophomonas maltophilia Methomyl (Mohamed, 2009)

Sphingomonas melonis Methomyl (Tatar et al., 2020)
Ochrobactrum thiophenivorans Methomyl (Tatar et al., 2020)

Pseudomonas spp.

Chaudhry et al. (1988) have isolated two mixed 
bacterial cultures that are able to utilize methyl 
parathion and parathion as the sole carbon 
source. One member of this mixed culture 
has been identified as Pseudomonas spp. , P. 
frederiksbergensis has also been isolated using 
soil collected from agricultural lands in India 
having capability of degrading endosulfan, 
chlorpyrifos and malathion (Iqbal and Bartakke, 
2014). It has also revealed that Pseudomonas 

spp. can degrade diazinon for their carbon, 
phosphorous and/or energy source (Yasouri, 
2006; Cycoń et al., 2009). A study conducted 
in Iran has disclosed that diazinon degradation 
ability of Pseudomonas is a plasmid mediated 
process and three endogenous plasmids were 
identified (Yasouri, 2006). Cycoń et al. (2009) 
have also isolated and identified three bacterial 
strains involved in bioremediation of diazinon 
in Soil. Of the three isolates, Pseudomonas 
spp. was capable of growing in mineral salt 
medium that included 50 ppm of diazinon as the 
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sole carbon source. Moreover, their studies on 
biodegradation ability of bacteria in sterilized soil 
have identified that isolated organisms and their 
consortium were having an efficient insecticide 
degrading ability (100 mg kg-1 soil). In another 
study conducted in China, biodegradation of 
profenofos-contaminated soil using a bacterial 
culture isolated from soil has been shown. The 
isolate has shown 96% similarity to the 16S rRNA 
gene of P. putida. Degradation of profenofos by 
that isolate has been 96.06 % within 25 days. 
(Malghani et al., 2009). Naphade et al. (2012) 
have isolated five bacterial strains from garden 
soils from Kalyan city, Maharashtra state in India, 
that tolerated high concentrations of chlorpyrifos, 
cypermethrin and endosulfan. Of five isolates, 
two Pseudomonas spp. were identified as P. 
psychrophila and P. aeruginosa. Among them, 
P. psychrophila has shown resistance to 10000 
ppm, 8000 ppm and 400 ppm concentrations 
of chlorpyrifos, cypermethrin and endosulfan, 
respectively. Whereas, P. aeruginosa has shown 
resistance to 15000 ppm, 12000 ppm and 19000 
ppm concentrations of chlorpyrifos, cypermethrin 
and endosulfan, respectively. Moreover, they 
have isolated plasmids from isolated bacteria 
and transferred into Escherichia coli cells and 
tested for bioremediation ability of those E. 
coli cells. By observing their bioremediation 
ability, they have inferred that the resistant traits 
observed are plasmid borne. This also supports 
the argument that Pseudomonas spp. is having 
an ability to degrade pesticides. It supports 
the finding of Yasouri (2006). Furthermore, 
pesticide degrading enzymes have been isolated 
from Pseudomonas spp. For instance, phenyl 
carbamate degrading enzyme has been isolated 
from P. alcaligenes isolated from soil (Marty 
and Vouges, 1987). They have shown that the 
purified enzyme could degrade a number of 
phenyl carbamate herbicides (chlorpropham, 
chlorobufam, isopropyl-N-phenylcarbamate and 
methyl N-(3,4-dichlorophenyl) carbamate) and 
propanil. This study convinces that pesticide 
degradation mechanism by Pseudomonas spp. 
is an enzymatic process (Marty and Vouges, 
1987). All the above findings together testify 
the potential of using Pseudomonas spp. in 
bioremediation of some common pesticides 
accumulated in the environment. 

Agrobacterium spp.

Bioremediation ability of the soil bacterium, 
Agrobacterium radiobacter J14a, has been 
examined for the herbicide atrazine in different 
cultural conditions. Atrazine mineralization 
of 94% out of 50 mg mL-1 has been observed 
in 72 hours with a concurrent enhancement 
in population size of bacterium from 7.9 × 105 

to 5.0 × 107 cells mL-1 in a medium provided 
with sucrose and citrate as sole carbon sources 
but without a nitrogen source. Approximately, 
30% of carbon has also been incorporated into 
bacterial biomass. Bacterium has also grown 
in a medium which does not include additional 
carbon and nitrogen sources. Also, in that 
situation, the degradation of atrazine has been 
observed but, cell number has not been increased. 
However, that result proves that A. radiobacter 
J14a can utilize atrazine as the sole carbon and 
nitrogen source. They have further identified 
deethylatrazine, deethyl-hydroxyatrazine and 
hydroxyatrazine as the metabolites produced 
by atrazine metabolism by the bacterium. 
Moreover, they have inoculated A. radiobacter 
J14a cells into soil treated with atrazin (50 and 
200 µg atrazin g-1 soil) with a low indigenous 
Atrazine-degrading population. Two to five time 
higher mineralization has been observed when 
compared with non-inoculated soil (Struthers 
et al., 1998). Biodegradation ability of a newly 
isolated Agrobacterium spp. (Strain Yw 12) For 
the pesticides methyl parathion and p-nitrophenol 
have been demonstrated (Wang et al., 2011). They 
have proven that the isolated strain has a broad 
degradation capacity for a number of pesticides. 
Strain Yw 12 isolated from activated sludge has 
been able to entirely degrade and consume this 
pesticide as the sole carbon, phosphorus and 
energy sources essential for its growth in a basic 
salt medium. Furthermore, strain Yw 12 was able 
to degrade and utilize p-nitrophenol as the sole 
carbon and energy source. They have revealed 
that, the strain Yw 12 could completely degrade 
50 mg L-1 of methyl parathion within 2 hours and 
the degradation product p-Nitrophenol (PNP) 
was also degraded within 6 hours. Moreover, they 
have mentioned that the strain could also degrade 
“chlorpyrifos, methamidophos, deltamethrin, 
carbofuran, phoxim, and atrazine” proving the 
results of (Struthers et al., 1998). An enzymatic 
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analysis has revealed that an intracellular enzyme 
was responsible for methyl parathion degrading 
ability of the strain Yw 12. (Wang et al., 2012). 
Yasouri (2006) has also convinced that the 
diazinon degradation ability of Agrobacterium 
spp. is a plasmid mediated process. 

Flavobacterium spp.

Three bacterial species having the ability to 
utilize diazinon as a sole carbon, phosphorus 
and energy source have been isolated from an 
enrichment culture. Of the three isolates, one 
has been identified as Flavobacterium spp. The 
degradation was plasmid mediated (Yasouri, 
2006). Saber and Crawford (1985) have isolated 
a number of bacterial strains that can mineralize 
100 to 200 ppm of pentachlorophenol by 
selective enrichment from pentachlorophenol 
contaminated soil in Navarre. All the isolated 
strains have been identified to be Flavobacterium 
spp. They have further revealed that, all the 
strains could metabolize pentachlorophenol as 
a sole source of carbon and energy releasing 
73 – 83% of CO2 out of all carbon in the form 
of pentachlorophenol with a full liberation of 
chlorine as chloride. Briglia et al. (1990) have 
tested the survival of pentachlorophenol (PCP) 
degrading Flavobacterium spp. in natural 
soil in Finland. According to their results, 
Flavobacterium spp. has reduced the initial 
amount of PCP 750 mg kg-1 in soil to 510 mg kg-1. 
But in the presence of additionally supplemented 
carbon sources, this degrading ability has been 
dramatically decreased. Furthermore, they have 
mentioned that the PCP degrading ability of 
Flavobacterium spp. has declined after 60 days 
in natural soil, unlike in liquid cultures. 

Sphingobium spp.

A bacterium having capability of decomposing and 
utilizing diazinon which is an organophosphate 
insecticide, as the sole carbon source in a mineral 
medium has been isolated from paddy water in 
Philippines in 1971 (Sethunathan and Yoshida, 
1973). The isolate has first hydrolyzed diazinon 
to 2-isopropyl-6-methyl-4-hydroxy-pyrimidine 
followed by conversion to CO2. The same isolate 

has also converted parathion to p-nitrophenol. 
The researchers have identified the bacterium 
as a Flavobacterium spp. and deposited with 
the American Type Culture Collection (ATCC 
27551) (Sethunathan and Yoshida, 1973). Later 
on, Kawahara et al. (2010) have reclassified 
this ATCC 27551 as Sphingobium fuliginis 
by a phylogenetic analysis of 16S rRNA gene. 
Mulbry and Karns (1989) have conducted a study 
using this ATCC 27551 and two other strains 
and revealed that organophosphorus hydrolase 
enzyme mediated the diazinon degradation 
process. Mulbry et al. (1986) have also revealed 
that a size of 43 kb plasmid is associated with 
the production of parathion hydrolase in this 
bacterium. Liu et al. (2015) have also performed 
an experiment to figure out the feasibility of 
remedying the contaminations of buprofezing 
which is a commonly used insecticide, by 
using a Sphingobium sp. (LY-6) isolated from 
soils. In their experiment, they have shown 
that, buprofezin is effectively degraded by 
Sphingobium spp. However, in the later part of 
the incubation period, a decrease in bacterial 
abundance has been observed suggesting that 
buprofezin possesses a negative effect on 
bacteria. Kim et al. (2014) have isolated and 
identified a number of Sphingobium spp. namely, 
S. lactosutens, S. chungbukense, S. lucknowense, 
S. chlorophenolicum, S. herbicidovoran from 
paddy land soil which were able to effectively 
degrade two carbamate pesticides namely 
fenobucarb and carbaryl.

Sphingomonas spp.

Yu et al. (2013) have isolated a bacterial 
strain that can degrade fenvalerate which is 
one of the most versatile synthetic pyrethroid 
insecticide from contaminated sludge. The strain 
has been identified to be Sphingomonas spp. 
by phylogenetic analysis of 16S rRNA gene 
sequence. 

Serratia spp.

Six bacterial strains have been isolated from 
soil in India. Two among six isolates have 
been identified as Serratia liquefaciens and 
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S. marcescens. Degradation potential of each 
isolate has been tested for nine pesticides. Out 
of them, Serratia spp. has shown positive results 
for 5 pesticides. S. liquefaciens has shown 51% 
degradation of diazinon and 11% marginal 
degradation of malathion. S. marcescens has 
shown 34% partial degradation of diazinon and 8 
%, and 1% marginal degradation of chlorpyrifos, 
and methyl parathion respectively (Iqbal and 
Bartakke, 2014). In another study conducted in 
Poland, three bacterial strains have been screened 
for the potential of diazinon degradation. Of 
three strains isolated from soil, two Serratia 
spp. have been identified as S. liquefaciens and 
S. marcescens. Both of the isolates were capable 
of growing in mineral salt medium that includes 
diazinon (50 mg L-1) as the sole carbon source 
and 80 – 92 % of the initial concentration has 
been degraded. Moreover, they have observed 
an accelerated degradation than the initial status 
when the medium was supplemented with 
glucose. (Cycoń et al., 2009). The results of this 
study support the finding of Iqbal and Bartakke 
(2014) while a higher diazinon degradation 
potential has been observed.

Enterobacter spp.

A bacterial strain (Strain B-14) has been 
isolated from soil in Australia and its ability to 
mineralize chlorpyrifos has been examined. 
That strain has shown a great similarity to 
the order Enterobacteriales and closest to 
Enterobacter asburiae. The isolate has utilized 
chlorpyrifos as the sole source of carbon and 
phosphorus by more than 40% of degradation 
chlorpyrifos within 48 hours. In the process of 
degradation, diethylthiophospshate (DETP) and 
3, 5, 6-trichloro-2 pyridinol have been produced 
by hydrolyzing chlorpyrifos followed by the 
utilization of DETP for growth and energy. 
But, adding other carbon sources (glucose and 
succinate) have shown a slowdown in the initial 
degradation rate of chlorpyrifos. However, the 
strain has degraded not only chlorpyrifos, but also 
some other DETP containing organophosphates 
namely, parathion, diazinon, coumaphos, and 
isazofos when provided as the sole source of 
carbon and phosphorus. They have further tested 
the bioremediation potential of the strain B-14 

by addition to field soils and more rapid rate 
of chlorpyrifos degradation has been observed 
than the degradation rate of indigenous microbe 
populations (Singh et al., 2004).

Burkholderia spp.

Iqbal and Bartakke (2014) have identified six 
pesticide degrading bacterial strains in their study 
conducted in India. Of six isolates, Burkholderia 
gladioli has shown a marginal degradation of 
dimethoate by 3%. However, in another study 
conducted in China, B. gladioli has degraded 
99.37% profenofos within 25 days. (Malghani et 
al., 2009). In Japan, a bacterium isolated from 
agricultural soil having pesticide contaminations 
has utilized 2,4-dinitrophenol as the sole source 
of carbon and nitrogen. The strain has been 
identified as B. terrae. (Iwaki et al., 2007). 
Smith and Beadle (2008) has also proven that B. 
cepacia has a 2,4-dichlorophenoxyacetate (2,4-
D) degrading ability. 

Novosphingobium spp.

In a study conducted in South Korea. 
Novosphingobium mathurense and N. taihuense 
have been isolated from a paddy land soil and 
identified as “carbaryl, fenobucarb and 2-sec-
butylphenol” degraders. The isolates grown on 
fenobucarb have entirely degraded 100µgmL-1 of 
the pesticide within 27 hours, and the bacterial 
cell density has gradually increased in proportion 
to fenobucarb degradation. Both isolates have 
shown almost the same degradation and growth 
pattern. (Kim et al., 2014). In another study 
conducted in China, Novosphingobium spp. strain 
FND-3 capable of degrading carbofuran has been 
isolated and characterized. The isolate has shown 
a higher carbofuran degrading rate of 28.6 mgL-1 
per hour in mineral salts medium with 100 mgL-1 
carbofuran (Yan et al., 2007). Dai et al. (2015) 
have investigated the bioremediation potential of 
Novosphingobium spp. (strain DY4) for heavily 
polluted soil with 2,4-dichlorophenoxyacetic 
acid (2,4-D). They have observed more than 50 
and 95% of 2,4-D degradation in bioaugmented 
soil (treated with 200 mgkg-1 2,4-D) in 3-4 and 
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5-7 days, respectively. Moreover, the strain DY4 
has shown a positive PCR amplification with the 
primers for TfdAα gene which is responsible for 
2,4-D degradation.

Rhodococcus spp.

A group of scientists have conducted a study on 
“Survival of pentachlorophenol (PCP)-degrading 
bacteria Rhodococcus chlorophenolicus PCP-1 in 
natural soil” in Finland. They have tested the PCP 
degradation capacity of the strain by introducing 
into natural soil at a concentration of 109 cells 
g-1 soil. R. chlorophenolicus has induced PCP 
degrading activity in soil. R. chlorophenolicus 
has degraded PCP in soil at a mean rate of 3.7 mg 
kg-1 soil per day. Moreover, they have followed 
the survival of the strain for 200 days and found 
that PCP mineralizing activity has remained 
relatively constant throughout the considered 
period of time. (Briglia et al., 1990). In another 
study conducted in India, 73% - 81% respectively 
α and β endosulfan degrading potential has been 
observed within 15 days by a mixed culture 
isolated form pesticide contaminated soil. By 
phylogenetic analysis, they have revealed that, R. 
erythropolis has given a vast contribution for the 
degradation by the mixed culture. When studying 
the degradation ability of R. chlorophenolicus 
as a pure culture, out of 100 mgL-1 initial 
concentration, 24% and 26% degradations of 
α and β endosulfan respectively, have been 
observed within 15 days after inoculation (Kumar 
et al., 2007).

Bacillus spp.

A Bacillus sp. has been isolated from soil in France 
and identified to be able to completely and rapidly 
bio-transform an herbicide called mesotrione. 
The capacity of each isolate to degrade 0.1-1 mM 
mesotrione has been investigated. The Bacillus sp. 
has shown a complete degradation of mesotrione 
after maximum 50 hours of incubation (Batisson 
et al., 2009). A new triazophos-degrading 
Bacillus sp. has been isolated from sewage 
sludge in a wastewater treating system of an 
organophosphorus pesticide producing company 

in China. The isolate was capable of hydrolyzing 
insecticide triazophos and degrading 98.5 % of 
triazophos (100 mg L-1) in the medium within 
5 days, when fed with additional nutrients like 
“yeast extract, peptone and glucose”. They have 
further observed that an intracellular enzyme 
appeared to be responsible for the degradation. 
(Tang and You, 2012). Methyl parathion 
bioremediation ability of Bacillus sp. isolated 
from a cotton field soil in India has been studied 
by analyzing degradation ability of 100, 200, 
400, 800, 1000 µM concentrations of methyl 
parathion. Isolated Bacillus sp. has taken 24, 36, 
66 and 102 hours to completely degrade 100, 200, 
400 and 800 µM concentrations respectively. 
However, no degradation has been observed in 
1000 µM concentration. It proves that higher 
concentration of methyl parathion appeared to 
be toxic to Bacillus sp. This results show that 
when the pesticide concentration is increased, 
the bioremediation ability of Bacillus spp. can be 
lost (Sreenivasulu and Aparna, 2001). Iqbal and 
Bartakke (2014) have identified B. pumilus to be 
capable of degrading malathion and dimethoate 
with 45% and 37% respectively. Moreover, the 
same bacterium was also able to partially degrade 
chlorpyrifos by 15%. 

Klebsiella spp.

Klebsiella spp. capable of degrading chlorpyrifos 
has been isolated from sludge samples collected 
from a wastewater treatment plant in Syria. 
Isolate has found to break down 92% of 
chlorpyrifos within four days in a poor mineral 
medium supplemented with chlorpyrifos as the 
sole carbon source at the concentration of 13.9 
g L-1. However, in the sludge sample itself the 
degradation rate was as lower as 46% unlike 
in mineral medium. (Ghanem et al., 2007). In 
order to evaluate the In situ biodegradation 
ability of Klebsiella spp., John et al. (2018) have 
conducted an experiment using a Klebsiella sp. 
isolated from pesticide applied soil. By an In 
situ bioremediation study, they have provided 
evidences on the potential of using Klebsiella spp. 
for bioremediation of chlorpyrifos-contaminated 
soil. Wang et al. (2005) have isolated a triazophos 
degrading Klebsoella spp. from soil having a 
long-term exposure to triazophos. When supplied 
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as the sole nitrogen source, the isolate has more 
effectively utilized triazophos. Based on the 
intermediates of triazophos metabolism, they have 
determined that the degradation process occurred 
through a hydrolysis mechanism. Moreover, 
one of the intermediate (1-phenyl-3-hydroxy-
1,2,4-triazole) has also been mineralized by the 
isolate. No inhibitory effect has been observed 
even in a higher triazophos concentration as 
high as 1000 mg L-1. It shows the great potential 
of using Klebsiella spp. for bioremediation of 
triazophos even at high concentrations. Some 
other evidences are also found to prove the 
biodegradation potential of Klebsiella spp. by 
unveiling the endosulfan degrading potential. 
Kwon et al. (2002) have proven the biodegradation 
potential of endosulfan by K. pneumonia in their 
study by using the pesticide as the sole carbon 
and energy sources. This bacterium was able 
to degrade endosulfan (8.72 µg mL-1) within 
one day. However, at the concentration of 93.9 
µg mL-1, the degradation process has taken 10 
days. However, this isolate has failed to degrade 
endosulfan sulfate which is a toxic metabolite 
generated during endosulfan degrading process. 
In contrast, Kwon et al. (2005) have confirmed 
the high potential of using Klebsiella spp. in 
biodegrading endosulfan by giving another 
example having ability to biodegrade endosulfan 
without formation of endosulfan sulfate. In that 
study, they have revealed that K. oxytoca isolated 
from endosulfan-polluted soils can effectively 
biodegrade both endosulfan and endosulfan 
sulfate. 

Arthrobacter spp.

From forest soil, Sato et al. (1999) have 
isolated two Arthrobacter spp. that rapidly 
degrade carbaryl. Both isolates have been 
identified as novel species. Both strains have 
been able to degrade 50 µg mL-1 carbaryl in a 

mineral salt medium within a day. 1-naphthol 
has been identified as the major degradation 
metabolite whereas, 1,4-naphthalenedione and 
1,4-naphtbalenediol have been identified as 
minor metabolites. 

CONCLUSIONS AND FUTURE 
PERSPECTIVES

Bioremediation of pesticides by microbes 
provides plenty of advantages including low 
input cost, long period removal process, an easy 
and simple requirement for equipment and space, 
providing economically effective environmental 
protection. It can play a greater role in mitigating 
the potential risk posed by pesticides to the natural 
echo system without losing the production and 
productivity in agriculture. Under this context, 
a number of studies have been conducted 
worldwide. However, the environmental 
pollution and health hazards caused by pesticides 
still remain a burning issue. This might be due 
to the lack of identified versatile microorganisms 
that can be used for detoxifying, a variety of 
different pesticides. Moreover, genetically 
modified microorganisms can offer a new hope 
in this regard. Furthermore, there can be a plenty 
of unidentified microorganisms with various 
pesticides detoxification capabilities. Hence, 
conducting further studies in order to identify 
new microorganisms with such capabilities in 
different geographical regions of the world is 
timely important.
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