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Abstract 
Imidacloprid is one of the frequently used insecticides. Indiscriminate use of imidacloprid makes it perilous to non-target 
organisms as well as the environment, including soil and water sources, thus, making its elimination from the environment 
an irresistible concern. Bioremediation is a technique that uses the degrading capabilities of bacteria to create an economical 
and reliable method of pesticide abatement. In an attempt to solve the problem arising due to imidacloprid contamination, 
bacterial strains possessing the ability to degrade imidacloprid were isolated from contaminated agricultural soil samples 
in the present study. Imidacloprid-degrading isolate, identified as Tepidibacillus decaturensis strain ST1, could effectively 
degrade imidacloprid in liquid media, slurry, and soil microcosms. The microcosm studies using the isolate resulted in the 
degradation of around 77.5% and 85% of imidacloprid (200 ppm) in sterile and unsterile soils within 45 days. In addition to 
biodegradation, sorption of insecticide by the plants and natural reduction of insecticide over time has also been reported. 
The degradation in soil follows first-order kinetics. Hydrazinecarboxamide and hydroxyurea were identified as metabolites 
on conducting GC–MS analysis of the degraded samples.

Keywords  Imidacloprid · Biodegradation · Slurry · Microcosm · Indigenous bacteria · Self-degradation

Introduction

As the global population is increasing continuously, pes-
ticides have become indispensable components of modern 
agriculture for cost-effective pest management to improve 
crop yield. Only 0.1–2% of all pesticides applied reach the 
target organisms (Negi et al. 2014). It is expected that pes-
ticides and other environmental contaminants will become 
more prevalent in the future due to their overuse. Pesticide 
residues have been found to persist in the environment for 
more than a decade in some cases, as a result of overuse 
and detected in water sources and soil above the permissible 

limit (Craddock et al. 2019; Yadav et al. 2015; Silva et al. 
2019). Pesticides can be found in relatively high concentra-
tions in potable water and soils, causing adverse impacts 
on human health due to their high neurotoxicity and carci-
nogenicity (Choi et al. 2004; Wallace and Buha Djordjevic 
2020). Pesticide residues and their metabolites usually inten-
sify in the environment and have lethal impacts on the health 
of humans and different ecosystems due to their recalcitrant 
nature (Shekher Giri et al. 2020).

Imidacloprid belongs to the neonicotinoid class of insec-
ticides and is used in a wide range of crops. It is effective 
against fleas of domestic animals, sucking insects, and chew-
ing insects (Jeschke et al. 2011). It is a potential pollutant of 
surface and subsurface water because of its low soil sorp-
tion and higher leaching capability (Pietrzak et al. 2020). 
The field dissipation rates of imidacloprid vary greatly and 
have been observed to break-down at a slower rate in the 
soil in certain cases, with half-lives in non-vegetated soil, 
exceeding 180 days (Anhalt et al. 2007). Imidacloprid sorp-
tion is directly proportional to the soil organic matter. It is 
crucial to eliminate these chemo-pollutants from the envi-
ronment because of the adverse impact of imidacloprid on 
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non-target entities such as humans, bees, and earthworms to 
some extent, as well as their ability to leach and contaminate 
groundwater (Wettstein et al. 2016).

Pesticide removal from the environment has been an 
area of exhaustive research in recent years. Several tech-
niques have been adopted to eliminate or degrade pesti-
cides from air, water, food, and soil. Several studies have 
focused on the development of physicochemical methods 
for the elimination of such contaminants from soil and water 
(Pang et al. 2020; Erguven and Yildirim 2019). Physico-
chemical methods such as absorption, illumination, ionizing 
radiation, ultrasonic technology, hydrolysis, photo Fenton, 
photocatalysis, and oxidative breakdown have been studied 
for imidacloprid biodegradation (Malato et al. 2001; Pang 
et al. 2020; Qurie et al. 2021). Nevertheless, the conven-
tional methods have significant drawbacks including exces-
sive sludge generation, equipment toxicity, generation of 
toxic byproducts, and high operating costs (Ajiboye et al. 
2020; Saleh et al. 2020). To overcome these issues, bio-
logical method have been proposed as a viable method for 
abatement of such recalcitrant compounds. Because of their 
environmentally friendly nature, biological approaches have 
become a method of choice for removal of a diverse range of 
contaminants. In the recent years, several researchers across 
the globe have studied the imidacloprid degrading capability 
of various microorganisms isolated from different sources 
(Anhalt et al. 2008; Pandey et al. 2009; Sharma et al. 2014; 
Hu et al. 2013). A large number of bacteria including Pseu-
domonas, Alcaligens, Sphingomonas, Stenotrophomonas, 
Rhodococcus, and Bacillus (Qureshi et al. 2007; Geed et al. 
2018; Rank et al. 2018; Erguven and Yildirim 2019; Bhat-
tacherjee et al. 2020; Kavitha et al. 2020; Dai et al. 2021) 
have been reported for bioremediation of various contami-
nated sites. Microbial degradation of imidacloprid in soil 
has been reported by various research groups using bacte-
rial strains such as Enterobacter sp. strain ATA1 (Sharma 
et al. 2014), Bacillus aerophilous (Akoijam and Singh 2015), 
Klebsiella Pneumoniae strain BCH1 (Phugare et al. 2013), 
Bacillus weihenstephanensis (Shetti et al. 2014), Liefsonia 
strain PC21 (Anhalt et al. 2007), Hymenobacter latericol-
oratus CGMCC 16,346 (Guo et al. 2020), Ochrobactrum 
thiophenivorans, and Sphingomonas melonis (Erguven and 
Demirci 2021). Some researchers also observed that mixed 
cultures are more likely to undergo complete mineralization 
as compared to pure cultures (Briceño et al. 2020).

However, the success of biological methods are con-
trolled by factors such as environmental compatibility, 
accessibility of the microorganisms to pesticide compounds, 
and identification of appropriate pesticide-degrading micro-
organisms (Azubuike et al. 2016; Dua et al. 2002). Pesticide 
biodegradation is influenced by pesticide bioavailability and 
microbial activity (Odukkathil and Vasudevan 2013). The 
low bioavailability of imidacloprid and its metabolites in 

soil may limit biodegradation, leading to extended half-
lives. With time, imidacloprid and its metabolite become 
more strongly bonded to the soil (Anhalt et al. 2007).

Scaling up pesticide bioremediation technologies from 
the lab to the field is still a difficult challenge, despite dec-
ades of research. Artificial, simplified ecosystems called 
microcosms are used in controlled environments to mimic 
and predict the behavior of natural ecosystems. Laboratory 
microcosm studies have been carried out to address the issue 
of inconsistency and reproducibility, as well as to give a 
higher degree of accuracy for the prediction of environmen-
tal impacts of xenobiotics on the ecosystem.

In the present study, an attempt has been made to iden-
tify potential imidacloprid degrading bacterial species from 
soil, followed by batch studies in liquid, slurry, and soil. 
Microcosm studies have also been done to get an idea about 
the pattern of imidacloprid degradation in agricultural fields 
under natural conditions.

Materials and methods

Isolation of imidacloprid degrading bacteria

Soil samples were collected from the agricultural field of 
Banaras Hindu University (25.2586° N, 82.9880° E) from 
the subsurface layer, i.e., 5–15 cm depth. The samples were 
immediately taken to the laboratory for further analysis. To 
remove debris and plant residues, the samples were air-dried 
and sieved. The soil was sieved to remove particles larger 
than 0.5 mm and stored at 4 °C until further use. The sample 
was examined for physicochemical properties before being 
enriched with imidacloprid. Soil pH, moisture, and organic 
matter contents were measured. Soil sample (10 g) was sus-
pended in a flask, containing 50 ml of modified nutritional 
broth enriched with imidacloprid and glucose during the 
broth enrichment process. Imidacloprid was filter sterilized 
and aseptically added to the media, and equal amount of 
glucose was added as a co-substrate. The amount of glucose 
was gradually decreased, and imidacloprid was used as the 
sole source of carbon after 20 days. The enrichment process 
was carried out for 45 days.

The bacteria obtained through the enrichment process 
were cultured in a specified mineral salt medium (MSM) 
and prepared in a liter of deionized water. The composition 
of MSM is as follows: KH2PO4 (1 g/L), K2HPO4. 2H2O 
(1 g/L), MgSO4.7H2O (0.3 g/L) NaCl (0.5 g/L), (NH4)2. 
SO4 (0.3 g/L), and trace elements [CaCl2 (2 g/L), MnSO4.
H2O (3 g/L), FeSO4 (0.25 g/L), ZnSO4 (0.05 g/L), MgSO4 
(1 g/L)]. The media pH was adjusted to 7 ± 0.2 and auto-
claved at 121 °C for 15 min for sterilization. Morphologi-
cally different colonies were identified and subcultured 
using nutrient agar and mineral salt agar slants. The isolated 
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bacterial colonies were further subcultured to obtain pure 
strains. Imidacloprid degrading capability of individual iso-
lates was examined, and the most effective bacterial species 
was selected for further studies. Batch experiments were 
conducted to study the effect of temperature, pH, shaking 
speed, and inoculum dose.

Maximum tolerance level of imidacloprid in selected 
bacterial isolates

The isolated bacterial culture was inoculated into differ-
ent sets of sterilized minimum broth (25 ml) spiked with 
imidacloprid varying from 50 to 250 ppm and incubated at 
30 °C for 72 h at 120 rpm. The control flask was uninocu-
lated. Growth of bacteria was assessed using absorbance at 
600 nm. The imidacloprid concentration that sustained the 
maximum growth was recorded.

Morphological, biochemical, and molecular 
characterization of isolates

The pure colonies were identified morphologically for their 
size, and shape, Gram staining ability, and biochemical tests. 
The genomic DNA of isolated bacteria was extracted. The 
spectrophotometric quantification of the DNA sample was 
done at wavelengths of 260 and 280 nm, with the assumption 
that one absorbance unit at 260 nm wavelength is equivalent 
to 50 µg DNA per ml (Gallagher 2017). Agarose gel elec-
trophoresis was used to evaluate the quality and purity of 
the DNA. Amplification of the collected DNA was carried 
out using PCR (BIO-RAD T100 Thermo Cycler) in a 50-µL 
reaction mixture containing 20 pmol of universal primers 
(8F-5′ AGA​GTT​TGA​TCC​TGG​CTC​A3′ and 1492 R-5′GGT​
TAC​CTT​GTT​ACG​ACT​T3′) each, 20 ng of template DNA, 
and 25 µL PCR Master Mix. The thermocycling conditions 
were as follows: initial denaturation at 94 °C for 5 min; fol-
lowed by 35 cycles of 94 °C (1 min), 50 °C (1 min), 72 °C 
(1 min); and final extension at 72 °C for 10 min. The ampli-
fied PCR products were sequenced (Bioraj Laboratories, 
Nagpur).

16S rRNA sequencing and phylogenetic analysis were 
done for molecular identification of the isolate. To iden-
tify the organism, the nucleotide sequences were used in a 
BLAST analysis against the NCBI database. Phylogenetic 
trees were constructed by using MEGA (version 10.2.5) 
software. GenBank accession number was assigned for 16S 
rRNA gene sequences of the isolate.

Imidacloprid extraction and quantification

After 45 days of treatment, the total imidacloprid residue in 
the soil, as well as uptake by the plant, was analyzed using 
HPLC. For determining residual imidacloprid concentration 

in slurry, plant parts, and soil, extraction was performed as 
described.

Residual imidacloprid from soil was extracted by adding 
5 g of soil to 20 ml acetonitrile in a flask and shaken for 1 h. 
The mixture was then centrifuged and filtered. The filtrate 
was transferred in a round bottom flask, and it was dried in 
a rotary evaporator at 50 °C. The residue was dissolved in 
methanol and filtered by a 0.22-μ filter. Samples of imida-
cloprid were analyzed using HPLC. The plant parts were 
crushed and homogenized. A representative sample of the 
homogenized plant was extracted with 100 ml acetonitrile. 
The extract was filtered and salted out with sodium chlo-
ride, followed by drying. The dried fraction was dissolved 
in acetonitrile: water (4:1, v/v) and vortexed for 30 s. The 
supernatant was dried in a rotary evaporator. The residue 
was dissolved in methanol for further analysis.

The equipment used for quantification of imidacloprid 
was a high-performance liquid chromatograph (Shimadzu, 
Japan), comprising of a binary pump and photodiode array 
(PDA) detector. The C18 analytical column was operated 
isocratically at room temperature with a flow rate of 1 ml/
min using 80:20 (v/v) acetonitrile and HPLC grade water. 
The compounds were detected using UV spectroscopy at 
270 nm, by injecting 25 μL of samples. Appropriate cali-
bration standards were used for quantitative analysis of the 
samples. The LC solutions software was used to collect and 
process data. Facilities for GC–MS were provided by the 
Department of Chemistry, IIT (BHU) Varanasi.

Imidacloprid degradation in liquid medium

The bacterial isolate was assessed for the capability to break-
down imidacloprid in MSM liquid medium. Flasks (250 ml) 
containing 100 ml of MSM were inoculated with the isolate 
(24-h-old bacterial culture, containing about 1 × 106 cells) 
and maintained for 20 days. Aseptically, 1 ml aliquots were 
obtained every 5 days to measure the growth of the bacteria 
and the level of imidacloprid in the culture media. Optical 
density at 600 nm (OD600) measurement was used to meas-
ure growth, and high-performance liquid chromatography 
(HPLC) was used to calculate the residual imidacloprid. 
Controls were uninoculated flasks spiked with the same 
concentration of imidacloprid. The experiment was carried 
out in triplicate.

Biodegradation of imidacloprid in soil slurry

Experiments on imidacloprid biodegradation were also con-
ducted in soil slurry. The slurry was prepared in flasks by 
adding 30 g of sterile soil as well as unsterile soil separately 
and 70 ml of autoclaved distilled water. The resulting slurry 
from the sterile soil sample was autoclaved again. Slurries 
were spiked with imidacloprid (200 ppm) and incubated at 
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30 ± 2 °C in a shaking incubator (120 rpm), for 20 days. 
Experiments were conducted in triplicate with the corre-
sponding biotic and abiotic controls. Residual imidacloprid 
concentration and microbial growth were determined at 
regular intervals throughout the study.

In situ biodegradation of imidacloprid in soil 
microcosm

A microcosm analysis was conducted to estimate the imi-
dacloprid degrading capability of the bacterial isolate in 
soil under natural conditions. The collected soil sample was 
divided into two sets, one was sterilized and the other was 
unsterilized. From each set, four subsets containing 1000 g 
of soil sample were taken in four containers. 1000 g of dry 
soil was weighed and added to each container, and soil 
moisture was adjusted by using a mixture of imidacloprid 
and deionized water. The containers spiked with imidaclo-
prid, without bacterial inoculation (sets 1 and 2) served 
as control. The treatments in sterile soil (A) and unsterile 
soil (B) were as follows: control (set 1): (soil + imidaclo-
prid), control (set 2): (soil + imidacloprid + plant), treat-
ment of soil with imidacloprid and bacteria but without 
plantation (set 3): (soil + imidacloprid + bacteria), treat-
ment of soil using combination of bacteria and plant (set 4): 
(soil + imidacloprid + plant + bacteria).

A total of 24 treatments were included with 12 sets of 
sterilized and unsterilized soil samples each. The containers 
were watered regularly to maintain the moisture content of 
the soil. Imidacloprid was added to all of the containers in 
each set at a final concentration of 200 mg/kg. After mixing, 
a suspension of 24-h-old imidacloprid-degrading bacterial 
isolate (1.0 × 106 CFU/g) was added to the soil samples in 
sets 3 and 4. For plantation, Cicer arietinum seeds were 
surface sterilized with HgCl2 (0.2%) for 5 min before being 
thoroughly washed with sterile distilled water. The losses 
other than biodegradation were also noted. The experiment 
was conducted in triplicate in sterilized as well as unsteri-
lized soil. Imidacloprid residue was extracted from each 
container separately after every 5 days and quantified using 
HPLC.

Kinetic analysis of imidacloprid degradation

To fit the experimental data of imidacloprid degradation 
kinetics, the first-order kinetic equation was used:

where Co is the initial concentration of imidacloprid in the 
medium, Ct is the concentration of imidacloprid at time t, k 

(1)Ct = Co e
−kt

(2)ln Ct = ln Co − kt

is the degradation rate constant (day−1), and t is the degrada-
tion time. The biodegradation half-life (T1/2) of imidacloprid 
was calculated as

The natural logarithm values of C were plotted against 
time t to determine k. Residual imidacloprid concentration 
and % degradation at different time intervals were calculated 
with respect to imidacloprid residue on the initial day, after 
the application (100%). The slope of the line was used to 
calculate the k of each concentration.

Results and discussion

Isolation and screening of pesticide degrading 
bacteria

The soil’s physicochemical properties were as follows: pH 
7.2, carbon 7.5%, nitrogen content 0.5%, moisture content 
20%, organic matter 8.5%, and ash content 91.5%. In the 
study, the optimum conditions for imidacloprid degradation 
using the bacterial isolate were found to be: pH 7 ± 0.2, tem-
perature 30 °C, shaking speed 120 rpm, and inoculum dose 
1 × 106 CFU/ml.

The most efficient isolated bacteria was characterized and 
identified as Tepidibacillus decaturensis strain ST1 (Acces-
sion number MZ208922). The phylogenetic tree obtained 
using MEGA (version 10.2.5) software has been represented 
in Fig. 1.

The growth pattern of isolates was studied with respect 
to time and imidacloprid concentration. Figure 2 shows 
the growth of isolates at OD600, supplemented with imida-
cloprid. It can be noted that there was an initial lag phase, 
followed by an exponential phase, where absorbance was 
highest at 600 nm, indicating the maximum growth of 
bacteria. However, after 35 h, the stationary phase was 
attained. The isolated bacteria used in the present study 
could effectively degrade imidacloprid up to 200 mg/L, 
beyond 200 mg/L; the isolates were not capable of metabo-
lizing imidacloprid. Inoculum density is a critical variable 
influencing the effective degradation of applied pesticides. 
For studying imidacloprid degradation, an inoculum of 
1 × 106 CFU/ml was used and found capable of removing 
imidacloprid proficiently.

Imidacloprid biodegradation in liquid media 
and slurry

The % removal of imidacloprid was found to be 18.5%, 
42.5%, 75%, and 90% on the 5th, 10th, 15th, and 20th days, 
respectively. However, in control, 89% of the imidacloprid 

(3)T1∕2 =
ln 2

k
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remained undegraded after the 20th day. On the 25th day, a 
negligible reduction in imidacloprid residue was observed 
as compared to the 20th day of degradation. Figure 3a shows 
the degradation of imidacloprid in a liquid medium.

The bacterial treatment was found to be considerably 
effective in imidacloprid remediation over control with-
out inoculation in soil slurry. The removal of imidacloprid 
was least in the case of sterilized slurry (without bacte-
ria and other microorganisms). The sterilized slurry after 
inoculation with the isolated bacterial species was capable 
of degrading more than 80% of the imidacloprid within 

20 days. Figure 3b shows the biodegradation of imidaclo-
prid in slurry.

Several studies have been conducted on soil slurries for 
the degradation of various organic compounds, including 
insecticides. The study conducted by Kumar et al. (2007) for 
endosulfan biodegradation resulted in about 75% removal in 
10 days using mixed cultures. In another study, cypermethrin 
degradation was studied by Bhatt et al. (2020) and reported 
more than 83% degradation in 15 days.

Imidacloprid biodegradation in soil microcosm

Tepidibacillus decaturensis strain ST1, an indigenous bac-
teria from the collected soil sample, was identified as the 
predominant bacterium in the enrichment and was found to 
be the most effective isolate for imidacloprid biodegradation. 
In a similar study, conducted by Hu et al. (2013), indig-
enous bacteria were found to be effective for imidacloprid 
degradation. The selected bacterial strain was capable of 
degrading imidacloprid in liquid medium, slurry, and soil, 
in the present study. According to previous studies on pes-
ticide degradation, microorganisms capable of degrading 
pesticides in culture media can also degrade pesticides in 
soil (Lu et al. 2013).

Pattern of imidacloprid degradation was as follows: set 4 
(82%) > set 3 (77.5%) > set 2 (11%) > set 1 (5.5%) in case of 
sterile soil (A). The degradation of imidacloprid in case of 
unsterile soil sample (B) was set 4 (91%) > set 3 (85%) > set 
2 (13.5%) > control (7.5%). Best % degradation of imida-
cloprid was observed when unsterile soil was used along 
with bacteria and plant (set 4 B). The difference in residual 

Fig. 1   Phylogenetic tree of 
Tepidibacillus decaturensis 
strain ST1 (MZ208922)

Fig. 2   Growth of bacteria at OD600
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imidacloprid in sterile and unsterile soils in the case of set 3 
and set 4 has been presented in Fig. 4a and b, respectively. 
Figure 5 represents the degradation patterns of imidacloprid 
in the case of sterilized and unsterilized soils in all the sets. 
Table 1 shows the % degradation of imidacloprid in sterile 
and unsterile soils in set 1, set 2, set 3, and set 4.

Results indicate that imidacloprid can be degraded to 
a larger extent in sterilized soil when inoculated with the 
isolated bacteria, indicating the efficacy of Tepidibacillus 
decaturensis in imidacloprid degradation. Imidacloprid 
degradation was observed to be higher in inoculated non-
sterilized soils, with a plantation (91%) as compared to 
sterilized soils (82%). This study indicates that soil micro-
flora facilitates imidacloprid degradation. The results of 
this research indicate that employing soil bacteria for deg-
radation of imidacloprid is efficient. Similar results have 
been reported by Sabourmoghaddam et al. (2015). Imida-
cloprid degradation was more pronounced in inoculated 
non-sterile soils than in inoculated sterile soils, demon-
strating the potential of indigenous microorganisms for 
bioremediation. Higher degradation in unsterile soil sam-
ples could be due to inoculation of degrading bacteria in 

the soil, which increases the catabolic potential of the soil. 
Furthermore, the presence of indigenous bacteria most 
likely performed a synergistic effect in biodegradation. 
This was also favored by previous studies that showed 
that soil bacteria play a vital role in pesticide degrada-
tion. According to previous researches, the involvement 
of native soil microorganisms in pesticide bioremediation 
processes is variable. For example, Bidlan et al. (2004) 
reported that the degradation of hexachlorocyclohexane 
(HCH) isomers by the indigenous microflora was limited 
during the bioremediation of soils using known bacterial 
consortium polluted with HCH. In contrast, Cycoń et al. 
(2013) investigated the biodegradation of a mixture of 
organophosphorus pesticide by Serratia marcescens in 
soils of different textures, and they reported that the indig-
enous microflora present in each type of soil was capable of 
degrading the pesticides under investigation. According to 
the study conducted by Fuentes et al. (2017), degradation 
of pesticides could be achieved by actinobacteria even in 
the presence of native microflora.

A lower degradation rate was observed in the case of con-
trol, i.e., set 1 and set 2, in both sterile as well as unsterile 

Fig. 3   a Degradation of imi-
dacloprid in liquid media. b 
Degradation of imidacloprid in 
slurry

Fig. 4   a Difference in residual 
imidacloprid in sterile and 
unsterile soil set 3. b Differ-
ence in residual imidacloprid in 
sterile and unsterile soil set 4
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soils. The residual level of imidacloprid was 18 mg/kg in 
the case of unsterile soil after 45 days when treated with the 
isolated bacteria in combination with plantation. In control, 
imidacloprid residue in plant parts was 9.5 and 12.5 µg/g in 
sterile soil and unsterile soil respectively. Self-degradation 
of imidacloprid was 5.5 and 7.5% in sterile and unsterile 
soil respectively when spiked with 200 ppm imidacloprid. 
The study conducted by Sharma et al. (2014) also shows the 
degradation of imidacloprid in soil under autoclaved and un-
autoclaved conditions.

Pesticides are degraded in the soil by physical, chemi-
cal, and biological processes. The availability of pesti-
cides and the ability of microorganisms to use them are the 
major factors that influence the degradation of pesticides 
in soil. The efficacy of pesticide biodegradation could defi-
nitely be influenced by the physicochemical characteris-
tics of the soil. The natural loss of imidacloprid could be 
due to volatilization, photocatalysis, or deep percolation. 
The uptake of imidacloprid by plants remains constant in 

inoculated as well as uninoculated soils. The degradation 
in the sterile soil was always found lower than in unsterile 
soil under same condition. This clearly indicates that the 
natural microflora present in the soil always favors the 
degradation.

Metabolites identified after GCMS analysis

Two metabolites, hydrazinecarboxamide and hydroxyu-
rea, were identified on conducting GCMS analysis of the 
degraded samples. The mass spectral profile of the identified 
metabolites have been presented in Fig. 6a and b.

Numerous possible imidacloprid metabolites have been 
identified by researchers in soil and water. Leifsonia sp. 
could degrade imidacloprid to (6-chloronicotinic acid) 
6-CNA in three weeks (Anhalt et al. 2007). Similarly, imi-
dacloprid can be transformed to desnitro-imidacloprid and 
urea metabolites by Pseudomonas sp. (Pandey et al. 2009). 
Imidacloprid can be hydroxylated to olefin imidacloprid by 
Stenotrophomonas maltophilia (Dai et al. 2006).

Kinetic analysis

Using the exponential formula (Ct = Co.ekt) as described in 
the previous sections, the kinetic parameters (k and T1/2) of 
imidacloprid degradation were calculated and are presented 
in Table 2. The degradation of imidacloprid followed a first-
order degradation reaction at the above-described growth 

Fig. 5   Degradation pattern 
of imidacloprid with time in 
sterilized and unsterilized soils 
in set 1, set 2, set 3, and set 4

Table 1   % degradation of imidacloprid in sterile and unsterile soils in 
set 1, set 2, set 3, and set 4

Soil type % degradation

Set 1 Set 2 Set 3 Set 4

Sterile soil 5.5 11 77.5 82
Unsterile soil 7.5 13.5 85 91
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conditions in a soil microcosm. Figure 7a and b depict the 
linear plot of first and second-order kinetics respectively, 
indicating that the degradation in the present study follows 
first-order kinetics.

The initial phase of imidacloprid degradation included 
a lag period of 5 days during which only approximately 
1% of initial imidacloprid was degraded. Bacterial strains 
exhibited higher imidacloprid degradation potential in non-
sterilized soils as compared to sterilized soil. Tepidibacillus 
decaturensis strain ST1 degraded 91% of the applied imi-
dacloprid within a time frame of 45 days with an average 
rate of 4.5 and 5.0 mg/kg day and rate constant of 0.039 and 
0.048/day in sterile and non-sterile soils, respectively. The 
half-life (T1/2) of imidacloprid was found to be 12.9 days in 

non-sterile soil and 18.7 days in sterile soil after bacterial 
treatment.

Under optimum conditions, in the case of unsterile case, 
biodegradation using the isolates followed first-order kinet-
ics. Imidacloprid was degraded in uninoculated soils at 
the rate of 0.36 mg/kg day and a rate constant of 0.0015/
day, with a half-life of 291.7 days. The half-life of imida-
cloprid in un-inoculated planted soils was calculated to be 
257.2 days, at a rate of 0.52 mg/kg day and a rate constant 
of 0.0027/day. In inoculated soils, 85% of applied imidaclo-
prid was degraded within 45 days with an average rate of 
4.76 mg/kg day and a rate constant of 0.042/day. Similarly, 
the value of k, T1/2, and reduction per day was calculated for 
all the samples of sets 1, 2, 3, and 4 in sterile and unsterile 
soils. Table 2 shows the first-order kinetic parameters cal-
culated in the microcosm study.

The degradation kinetics were calculated using the first-
order rate equation Ct = C0 × e−kt, since the removal of imida-
cloprid was found to be time-dependent. The rate constants 
for imidacloprid degradation in soil by bacterial isolates 
ranged from 0.015 to 0.048/day with a T1/2 decrease from 
291.77 in uninoculated soil set 1 to 12.95 days in set 4 and 
rate constant 0.0419/d with T1/2 of 16.50 days in set 3. More 
than 20 times reduction in half-life period clearly indicate 
the potential of bacterial species for real time applications. 
With proper application of this technique, soil can be made 
imidacloprid free before start of next cultivation. The study 
conducted by Gupta et al. (2016) shows similar results, 
where degradation of imidacloprid follows first-order kinet-
ics. In the similar study, Cycoń et al. (2013) noted that Ser-
ratia marcescens was capable of degrading imidacloprid at 

Fig. 6   Mass spectral profile of 
metabolites formed during the 
degradation of imidacloprid by 
Tepidibacillus decaturensis: a 
hydrazinecarboxamide and b 
hydroxyurea

Table 2   First-order kinetic parameters in sterile and unsterile soil

Treatment Regression equation First-order
k (day−1)

R2 T1/2 (days)

Sterile soil (A)
  Set 1 y = 0.0011x − 0.0047 0.0011 0.99 297.92
  Set 2 y = 0.0022 + 0.0008 0.0022 0.997 273.72
  Set 3 y = 0.0336 − 0.1677 0.0336 0.98 23.29
  Set 4 y = 0.0412x − 0.2084 0.0384 0.987 18.77

Unsterile soil (B)
  Set 1 y = 0.0014x + 0.0096 0.0015 0.991 291.77
  Set 2 y = 0.0028x − 0.0005 0.0027 0.996 257.18
  Set 3 y = 0.0455x − 0.2209 0.0419 0.0985 16.50
  Set 4 y = 0.0568 − 0.03513 0.048 0.987 12.95



61570	 Environmental Science and Pollution Research (2023) 30:61562–61572

1 3

a rate constant ranging from 0.017 to 0.052/day with T1/2 of 
13.6–37 days in different types of soils.

Conclusion

The widespread and indiscriminate use of insecticides has 
resulted in serious adverse impacts on the environment as 
well as human health. However, due to the lack of viable 
alternatives at present, insecticides are expected to be an 
indispensable part of agricultural practices. Various physico-
chemical approaches have been adopted for the remediation 
of such recalcitrant chemicals. The only environmentally 
acceptable way to reduce this contamination is through 
bioremediation. The use of indigenous bacteria from insec-
ticide-contaminated sites can result in faster degradation in 
addition to protecting the soil microflora and enhancing the 
enzyme activity.

The overall findings reported here demonstrate the sig-
nificant contribution of microorganisms in the degradation 
of imidacloprid. The presence and action of indigenous 
microorganisms are essential for the effective remediation 
of contaminants from the environment. The bacterial isolate, 
Tepidibacillus decaturensis strain ST1, used in the present 
study could effectively degrade imidacloprid up to 250 ppm 
in liquid media, slurry, and in soil microcosms. Consequently, 
the isolate may be effectively utilized for imidacloprid reme-
diation in agricultural soil.

In a few previously published reports, the role of bacterial 
species have been studied in imidacloprid biodegradation, but, 
to the best of our knowledge, this is the first study in which role 
and contribution of factors other than bacterial degradation 
were identified and evaluated. It was found that volatilization, 
self-degradation, uptake by plant, etc., also contribute in the 
degradation imidacloprid along with bacterial degradation.

The presence of indigenous bacterial communities with nat-
ural remediation potential can be used to generate site-specific 
bioremediation of polluted soil. Laboratory microcosms are 
excellent alternatives to field experiments, which are typically 
expensive and influenced by variations in environmental con-
ditions, and standard laboratory tests, the results of which are 
infrequently reflective of the real world since the experimental 
conditions and microorganisms used in the study may not be 
site-specific. Moreover, due to the relatively smaller size of 
microcosms, multiple replicates can be produced to study and 
establish a relationship between different microorganisms and 
the environmental conditions that suit best for the selected 
microbes for more efficient degradation of insecticides.
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