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Cypermethrin (Cyp), a persistent synthetic pyrethroid insecticide widely used for insect control. The 
persistence of Cyp creates toxicity to both humans and the environment This study investigates 
biochar and Bacillus cereus distinct and collective effects on Cyp -contaminated soil during a 90-day 
incubation. This study also investigates the effects of different concentrations of Cyp (50, 100, ,500 
to 1000 mg kg−1) on soil physicochemical and biological activities during a 90-day incubation period. 
Microbial biomass carbon and soil respiration rates decreased significantly across all cypermethrin 
concentrations, with the most substantial reductions observed at 1000 mg kg−1. However noticeable 
variations in soil enzymes and MBC over time during the entire incubation period. On 1st day, the 
GMean Enz and MBC rate for Cyp treatments (50, 100, ,500 to 1000 mg kg−1) ranged from 0.98 to 0.63, 
and 9.06, to 5.03, respectively. Under Cyp pollution, microbial biomass carbon exhibited significant 
decreases, with the highest inhibition (86.2%) at 1000 mg kg−1 on 1st day of incubation. Soil respiration 
rates dropped 77%, at 1000 mg kg−1, and Integrated biomarker response (IBR) values peaked on day 
30, indicating environmental stress. Biochar and Bacillus cereus effectively facilitated the degradation 
of Cyp, achieving approximately 85% degradation within the first 45 days of the experiment. The 
combined application of biochar and Bacillus cereus increased soil pH to a neutral level from 5.9, to 
7.1, reduced electrical conductivity from 1.41 µS cm− 1 to 1.20 µS cm−1, and elevated cation exchange 
capacity from 1.54 ± 0.04 to 6.18 C mol kg−1, while also improving organic carbon content to 3.135%. 
However, the dehydrogenase activity was decresed upto 47% in the combined application and all other 
enzymes including urasese catlayse and phostasese enzymes with Gmean enzymeatic activities were 
significantly improved. These findings suggest biochar and bacterial interaction for soil management 
to enhance soil resilience against pesticide stress.
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The extensive use of the broad-spectrum synthetic pyrethroid insecticide, Cypermethrin (Cyp), has increased in 
recent years1 Despite their efficacy in controlling a variety of insects and pests, pose a significant environmental 
and health risks due to their persistence in the environment. The persistence of these pesticides creates toxicity 
to both humans and the environment2. Cyp contamination has been reported in different parts of the world, 
making it a global concern. Several studies conducted in Pakistan have documented significant levels of Cyp 
residues in soils and agricultural products. For instance, Cyp residues in the soils of Swat valley, ranging from 
0.14 to 27.62 mg kg− 1 in rainfed areas and 0.05 to 73.75 mg kg− 1 in irrigated areas3. Similarly, Cyp contamination 
in vegetables like eggplant and okra in the Gujranwala and Faisalabad regions, with contamination rates of 56% 
and 43%, respectively which was higher 40–56% from all other studied pesticides in the reigion4. Its impact is not 
limited to one region, and research has shown that residues can be found in soil, water, and even food products 
across different countries. In China, it occupies more than 50% of the total pyrethroid market production. Its 
half-life ranges from 14.6 to 76.2 days in soil depending on the physicochemical properties of the soil as well as 
on the microbial activity of the soil5. The permissible limit of cyp in soil can vary depending on the regulatory 
body and the specific environmental context. However, Cyp levels in soil are considered concerning when they 
exceed 0.01 mg/kg to 0.1 mg/kg. Cyp leads to cyanohydrin formation, which inhibits ion channels of various 
biological activities and increases oxidative stress6. Cyp pollution in soil inhibits microbial biomass carbon 
(MBC), soil respiration, (SR) and microbial metabolic assay (qCO2). These biological activities are recognized as 
sensitive indicators for assessing soil quality under the influence of anthropogenic changes7. The geometric mean 
of enzyme activity represents the overall process of microbes and is commonly used for assessing soil health and 
potential toxicity8. Research has shown that herbicides like florasulam and halauxifen-methyl decrease enzyme 
activity after 6.5 weeks of soil contamination9. Microbiological processes such as qCO2, MBC, and SR are 
reliable indicators reflecting environmental disturbances, as demonstrated by the impact of fomesafen on MBC 
and SR under 90 days of contamination10. Additionally, the ratio of metabolic activity (qCO2), representing 
SR and biomass carbon, is widely utilised to assess the toxicity of pesticides11. These parameters indicate soil 
toxicity evaluation and a positive correlation between microbial biomass and enzyme activity highlights the 
interconnected nature of microbial dynamics during pesticide degradation1. Many studies have presented the 
adverse impacts of pesticides on individual soil properties. However, the use of integrated biomarker studies for 
evaluating risks associated with Cyp stress is rare. The bioindication marker or biological responses incorporating 
various soil enzymes, as well as biological indicators such as MBC and SR, have proven to be pronounced in 
measuring environmental and biological hazards in soil12. The IBR index has demonstrated effectiveness in 
evaluating temporary ecological threats resulting from the collective contamination of sulfonamide (antibiotics) 
with copper sulphate (CuSO4)13. higher values of IBR indicate higher stress levels, revealing increased toxicity of 
xenobiotics to soil health14. However, there is a scarcity of studies employing the IBR index to demonstrate the 
environmental risks associated with long-term Cyp pollution.

Various approaches, like ultrasonication, nanocomposites, and photocatalysis, have been employed to 
detoxify pesticides to reduce their risk and degradation15. These methods often produce secondary metabolites 
with higher toxicity significant costs and technical challenges16. In contrast, biochar-based bioremediation has 
emerged as an eco-friendly, efficient, and cost-effective alternative for eliminating pesticide residues17,18. Both 
bacteria and biochar contribute to reducing contaminants through adsorption and supporting soil aggregate 
formation, the capacities of biochar display considerable diversity19. Effective technology for treating soil 
pollutants involves the immobilization of microorganisms on aromatic hydrocarbons. Consequently, there is a 
growing importance placed on biodegradation, necessitating further exploration of untapped microorganisms 
for immobilization technology based on biochar for pollutant biodegradation20.

Despite the widespread endorsement of biochar, there remains a gap in our understanding of the intricate 
biological responses of soil microbes in Cyp-contaminated soil. Our hypothesis suggests that prolonged exposure 
to Cyp pollution could lead to impairments in physiochemical and biological properties. The study objective 
is (i) to examine the degeneracy of Cyp in agricultural soil and its impact on soil physiochemical (pH, EC, 
CEC, OC) and biological properties (Gmean-Enz, MBC, SR, and qCO2). (ii) calculate the risk using integrated 
biomarker studies (IBR/n) during Cyp degradation. (iii) Finally the Cyp degradation using synergies of biochar 
bacterial interaction. These investigations will enhance our understanding of the persistent behaviour of Cyp in 
agricultural soil and its impact on soil quality through controlled scaled experiments.

Materials and methods
Chemicals and media
β-cypermethrin (β-CP-100EC) with 95% purity, obtained from Four Brothers Pvt., Ltd., Lahore, Pakistan, was 
applied at a dose of 420–495 mL per hectare. The dissolution of all chemicals occurred in acetonitrile to create 
a stock solution with a concentration of 10 g L− 1 was kept in a closed container at a low temperature of 4 °C. 
Mineral salt medium (MSM) containing (NH4)2SO4, MgSO4⋅7H2O, CaCl2⋅2H2O, FeSO4⋅7H2O, Na2HPO4⋅12.
H2O, KH2PO4, K2HPO4 and sodium chloride (NaCl) was used. All chemicals used in the media were purchased 
from Marck and Sigma Aldrich. The MSM pH was adjusted to 7.0 and subjected to autoclaving at 121 °C for 
20 min. HPLC-grade methanol was used for HPLC analysis.

Isolation, identification and characterization of isolated bacterial strain
Bacterial strains used in the study were isolated with serial dilution through a streak plate technique from the 
rhizospheric soil of Nicotiana tabacum L (tobacco). Soil samples for the bacterial strains isolation were collected 
from the top 0–20 cm layer from the district Swabi, Khyber Pakhtunkhwa, Pakistan (34.0719° N, 72.4732° E). 
This region has more than a 15-year history of Cyp exposure to soil for tobacco plants. The collected soil sample 
was dried at ambient temperature then crushed, and finally filtered to achieve a particle size < 2 mm. The soil 
properties were then analyzed (pH, EC, TDS) using a EUTECH PC510 pH, EC, TDS meter. The dilutions of 
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the soil samples, up to 106, were spread on minimal salt medium (MSM) containing plates. The bacterial cells 
were then streaked on MSM medium with 50 mg L-1 filter-sterilized pesticides content individually added 
(β-Cypermethrin, λ-cyhalothrin, Clorophyros, parathyrin, and Atrazine, ) followed by 30 ℃ of incubation for 
pure cultures.

Tolerance capacities of the isolates were performed using the minimal inhibitory concentration (MIC) assay. 
Briefly, Cyp were diluted into various concentrations, 50, 100, 250, 500, and 1000, mg L− 1, in sterile MSM plates 
using a standard wire loop (Merck), a loopful (10 µl) of B. Cereus culture, 0.5 mL. In the MIC experiment, the 
initial concentration of the bacterial inoculum was approximately 3 × 106 CFU m L− 1, and the inoculum was 
24 h old, prepared from an overnight culture of B. Cereus grown in nutrient broth. The Plates were incubated 
at 37  °C for 48  h and thereafter observed for growth to identify the effective Pesticide-resistant strains. The 
bacterial isolates were identified through 16s rRNA sequenced by the Department of Genome Analysis Microgen 
Inc. Korea. The obtained sequence was then analyzed using the BLAST search from the National Center for 
Biotechnology Information (NCBI), through which the database was closed to 99-100% similarities matched 
of different bacterial species. The species was assigned the accession number based on the 16 S rRNA sequence 
from GenBank21.

Biochar synthesis, properties and use as inoculum carrier for Bacillus cereus
Biochar (BC) used in the study was prepared and characterized by using the protocol of (Rehman et al.2024)22. 
The detailed processes are available in Supplementary material (M1). BC concentration used in the present study 
is 1% w/w of biochar/soil. BC was used as an individual and in combination with bacterial cells B. Cereus. The 
cell suspension of B. cereus was used to load biochar. For this, the cells were first inoculated in LB medium (1mL 
broth into 9 mL D.H2O) and cultivated in a shaking incubator set at 120 rpm for 24 h23. A final suspension was 
prepared to have 11.3 ± 0.23 × 106 CFU mL-1, with the OD600 of 1.0. Subsequently, the biochar was blended with 
the bacterial cells at 1:5 w/v (mg mL− 1). Biochar-loaded bacterial cells were used as a combined application after 
an 8-hour incubation period24,25.

Soil sampling and spiking with pesticides and experimental setup
Before conducting the experiments, the soil samples were analyzed to ensure they were free from any detectable 
levels of the pesticides under study, including Cyp, chlorpyrifos, and other commonly used pesticides. Pesticides-
free soil samples were collected from the field of Kohat Agriculture Research Center. The centre spans from the 
latitude of 33° 35′0.24″ N and a longitude of 71.25′59.59″ E or 33.58° and 71.43°, respectively. The altitude of 
the study area is about 1,607 feet. Soil samples were collected from the surface soil layer (10–20 cm soil depth) 
at the end of Feb 2023. After removing the visible organic materials, stones and fine roots by hand. The soil was 
collected from multiple random spots and mixed uniformly to create a composite soil sample called parent soil. 
The soil sample of soil was dried in an air digital oven at 105 ℃ for 24 h and passed through a 2 mm sieve and 
the moisture content was measured following the protocol of (Curiel-Alegre et al., 2022). The organic carbon 
(OC) was determined by estimating organic carbon by measuring the weight loss after heating the soil sample 
to a high temperature 500–800 °C in Muffale France. The weight loss represents the loss of organic carbon. The 
organic carbon content is then calculated based on the following equation.

	 OC (%) = (Initial weight − final weight/Initial weight) × 100� (1)

Cation exchange capacity (CEC) determination via ammonium acetate method involved meticulous steps 
for accurate results. The 5  g soil sample was sieved to ensure uniform particle size and was combined with 
an ammonium acetate solution at concentrations of 1 M. The mixture was allowed to equilibrate for 16 h to 
ensure thorough cation extraction. Subsequently, the equilibrated mixture was centrifuged at 10 x for 10 min, to 
effectively separate soil particles from the solution. The supernatant, containing extracted ions such as calcium 
(Ca²⁺), potassium (K⁺), and sodium (Na⁺), was analyzed using exchangeable cations concentrations in the 
extracts were measured using ASS. specifically, the Perkin-Elmer 700-ASS model. To determine CEC, the sum 
of exchangeable cations (Na⁺, Ca²⁺, K⁺, Mg²⁺) was calculated to ensure accurate quantification27,28. Soil pH was 
measured using a 1:2.5 soil-to-water and soil EC were measured using a 1:5 soil-to-water ratio with EUTECH 
PC510 pH, TDS, EC meter glass electrode pH meter.

For the experiment, the soil was air-dried at room temperature ( 25–30 °C) for 15 days and ground to a final 
particle size of 3 mm. 1% (w/w) sand was mixed to enhance the porosity. The mixture of soil and sand was then 
spiked with the different doses (50 mg L− 1, 100 mg L− 1, 200 mg L− 1, 250 mg L− 1, 500 mg L− 1, and 1000 mg 
L− 1) of cyp. This range was selected to encompass low, moderate, and high levels of contamination, facilitating 
a comprehensive evaluation of the efficacy of biochar and bacterial inoculum. Biochar (1% w/w of soil) and 
bacterial inoculum and in combination were applied. To apply the inoculant it was placed in a shaker at 25 °C 
for 24 h with and without biochar, 5:1 inoculum: biochar (v/w) mixture. Inoculated biochar treatments were 
prepared similarly, using a 50 ml bacterial culture having 12,000 bacterial cells determined by Macfralamnd 
solution, 10 g biochar mixture for each kg soil prepared. All inocula were added to soils with or without biochar 
carriers at a rate between 7 × 106 and 7 × 107 CFU g− 1 soil. About 500 g of soil will be filled in plastic pots 15 cm 
in length and 7 cm in width four replicates. Four treatments were conducted as follows Cyp = (Cyp spiked 
Soil), Cyp + B. Cereus = (Cyp spiked + Bacillus cereus), Cyp + BC = (Cyp spiked + Biochar), CS + B. Cereus + BC 
= (Cyp spiked + biochar + Bacillus cereus). Each treatment was set up with four replicates. These four treated 
soils were cultured with 70% moisture content, temperature 28 ℃ to 30 ℃ and incubation time was 45 days. 
Samples for physiochemical characteristics and soil enzyme activities (phosphatase, urease, dehydrogenase, ) 
were determined on different time intervals (day 1 to day 90), for IBR index and the overall activities were 
determined on day 90 of the experiment.
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Cypermethrin residues determination in treatment soil
Before conducting the experiments, the soil samples were analyzed to ensure they were free from any detectable 
levels of the pesticides under study, including cyp.and for the extraction of Cyp residues, a 10 ± 0.01 g fresh subsoil 
sample with 20 mL of methyl alcohol (analytical grade, Kelong, China) was mixed. The suspension underwent 
ultrasonication in an ultrasonic bath for 10 min to extract Cyp. Subsequently, the suspension was centrifuged 
for 10 min at 10x rpm. The Cyp extraction process was 2 times repeated and the combined supernatant The 
resulting solution was then filtered through a 0.45 μm nylon syringe filter. The presence of Cyp in the eluent was 
calculated using High-Performance Liquid Chromatography (Thermo Fisher Scientific, Germany) attached to 
a C18 column (25 cm × 4.6 mm, Cosmosil, Japan). The mobile phase was composed of 20:80 (% v: v) of water 
and methanol. The wavelength for detection and temperature were set at 202 nanometers and 28–30 °C. The Cyp 
residue was expressed as mg kg− 1 dry weight of soil18.

Quality control of cypermethrin residues determination procdure
Preparation of standard solutions
A stock standard solution of cyp (10  mg L−1) was prepared in HPLC-grade methanol and stored in amber 
reagent bottles at + 4 °C. Calibration standard solutions with concentrations of 10.0, 100.0, 300.0, 500.0, 700.0, 
1000.0 and 1200  mg L−1 were prepared by diluting the stock solution with the mobile phase and used for 
instrument calibration. Soil samples (100 g) were spiked with cyp at 100 µg L−1 and extracted three times with 
dichloromethane (3 × 60 mL). The organic extracts were concentrated via rotary vacuum evaporation, and the 
residue was reconstituted in 1.0 mL of methanol for analysis by HPLC.

Accuracy and precision
The accuracy of the method was assessed through recovery experiments. Soil samples spiked with cyp at three 
concentrations (10.0, 100.0, and 1000.0  µg L−1) were extracted and analyzed. The average recovery rate was 
found to be within the acceptable range of 85–95%. The precision was evaluated by calculating the relative 
standard deviation (RSD, %) of six replicate injections at the same concentrations, with RSD values below 5%, 
indicating good precision.

Limit of detection (LOD) and limit of quantification (LOQ)
The LOD was determined by spiking soil samples with Cyp at concentrations expected to produce a response 
3–10 times the baseline noise. The LOD for cyp was calculated to be 3 µg L−1. The LOQ was established as the 
concentration that produced a signal-to-noise ratio of 10–20, with the LOQ for cyp being 10 µg L−1.

Stability test
To assess the stability of cyp in soil, two series of soil samples were prepared and stored under different conditions. 
One series was kept at room temperature (22 ± 1 °C) for six months, while the other series was stored in a climate 
chamber with temperature variations (22 ± 1 °C during the day and 4 ± 0.5 °C at night) for the same duration. 
No significant degradation of cyp was observed under these conditions, confirming the stability of the Cyp in 
soil samples during the study period.

Soil biological evaluation
At the end of the incubation experiment, soil respiration was determined by measuring the amount of CO2 
produced through static incubation of soil (25 g) at 60% water holding capacity inside 1 L jars at 25 °C. CO2 
produced during the 2 h period was collected in 10 ml of 0.01 M NaOH solution, which was then titrated with HCl. 
Microbial biomass carbon (MBC) was quantified with a solution of 0.5 M K2SO4 and organic C in the extracts 
was found by humid digestion with 0.066 M K2Cr2O7 at 160 °C. The metabolic quotient (qCO2) was calculated 
as the ratio between microbial respiration and soil microbial biomass. The quantification of microbial metabolic 
qCO2 serves as a crucial indicator of microbial activity in soil, reflecting the dynamic processes involved in the 
degradation of organic matter by microorganisms. In the context of this study, the measured qCO2 values show 
the impact of various treatments on soil microbial metabolic activity29,30. Soil enzymes including dehydrogenase, 
catalase, and urease activities were assessed based on the production of triphenyl formazan, H2O2, glucose, 
tyrosine, and NH3-N, respectively. However, the activities of phosphatase were determined by the release of 
p-nitrophenol (PNP)31.

Enzymes were measured in three replicas and expressed as the geometric mean32. The assayed enzyme 
activities (GMean) were calculated as in Eq. 2.

	 Gmean = (Deh ∗ Cat ∗ Ure ∗ P hos) 1/4� (2)

Where Deh, Cat, Ure, phos are dehydrogenase, catalase, urease, and phosphatase, respectively.

Integrated biomarker response (IBR)
The integrated biomarker response (IBR) index was used for risk assessment and environmental stress produced 
via chemical contaminants. This integrated approach provides valuable insights for assessing the toxicity of 
various pollutants, including Polycyclic Aromatic Hydrocarbons (PAHs), metals, and pesticides, contributing 
to a comprehensive understanding of the biota and environmental health33,34. We focused on four biological 
activities specifically, Gmean-Enz activities, MBC, SR, and qCO2 to calculate the IBR index. The computation of 
the IBR index required the standardization of the data (Yi), which was achieved using the following equation.

	 Y i = (Xi − m)/s� (3)
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Here, Xi represents the average of bio-indicators for every group, while m and s denote the overall average and 
variability of Xi, respectively, calculated from the entire sample set.

The value 

	 X = Z + |Min|� (4)

Here, Z = -Y or Z = Y signifies the suppression or enhancement of a marker during Cyp pollution, and Min 
represents the lowest value of the marker.

The IBR index was computed as.

	
IBR =

∑
N
I=1Ai� (5)

The IBR score was then divided by the number of all markers (n = 4) to get the IBR/n index and depends on the 
number of biological markers8.

Cypermethrin degrading experiment with biochar and bacteria
The air-dried soil was sieved through a 3 mm mesh and subjected to autoclaving at 121 °C for 1 h at 15 psi. 
This procedure was repeated three times over consecutive days to ensure the complete elimination of microbial 
activity. The success of the sterilization process was confirmed by conducting microbial viability tests using plate 
count methods, where no microbial colonies were observed after incubation Specifically, Cyp100-EC was added 
at the concentration of 5 mg⋅kg− 1 based on toxicity leval within the rang commonly found in Cyp contaminated 
soil. The B. cereus (OD 600 nm = 1) at 7 × 107 CFU mL− 1, freshly prepared inoculum, under controlled conditions 
was resuspended in soil along with 5% w/w biochar. To facilitate strain growth, the moisture was provided 
at 40%. This experimental setup was conducted in 4 replicas. The soil samples were stored in darkness in an 
incubator to prevent Cyp from photocatalytic reactions at 30 °C for 90 days. Data were obtained at various time 
intervals to extract and quantify Cyp concentrations.

Statistical analysis
The experimentations occurred with four replicas and were subjected to statistical analysis using SPSS-23 
software. For comparing the means of the treatments, analysis of variance (ANOVA) was executed, followed by 
Duncan’s multiple range posthoc test, with a significance level set at p < 0.05.

Quality enhancement of experimental processes
In our study, we incorporated key experimental design principles such as replication, randomization, and 
blocking to enhance the reliability and validity of our results. These techniques were integral to minimizing 
variability and bias, allowing us to draw more robust conclusions. We use amber color glass reactors to prevent 
any photocatalytic reaction and any plastic adsorption of Cyp. Each treatment was replicated multiple times 
across different soil samples. This approach allowed us to account for any inherent variability in the soil 
properties and ensured that our findings were consistent and reliable. Different concentrations of Cyp and 
combinations of biochar and bacterial inoculum, were randomly assigned to the experimental units. This process 
helped eliminate any potential biases and ensured that differences observed between treatments were due to the 
treatments themselves, rather than any confounding factors. Blocking to group experimental units with similar 
characteristics, such as soil properties or initial contamination levels for control for known sources of variability, 
ensuring that our comparisons between treatments were more accurate and reflective of true treatment effects.

By integrating these design elements into our experiment, we enhanced the overall quality of our experimental 
processes. The results obtained are more reliable and can be confidently applied to real-world scenarios, 
increasing the credibility and impact of our findings.

Results
Various concentrations of cypermethrin pollution on microbial biomass carbon and soil 
respiration
The soil respiration, on day 1, soil respiration even in the concentration of 50 mg kg− 1 exceeded that of the 
controlled soil., and the observing value was 8 mg C m−2 h−1, while Cyp pollution at higher concentrations 
of 500–1000 mg kg− 1 inhibited soil respiration significantly. Soil respiration values dropped substantially on 
the 7th day across all treatments. (72% decrease from 1st day) and showed gradual reductions from day 30 
to 90. Intersentignigly, the Cyp impact on SR was particularly distinct in the 1000  mg kg− 1 treatment, with 
no significant difference observed among the other five treatments on the same day (Fig. 1a). The Microbial 
Biomass Content (MBC) in contaminated soil exhibited a significant decrease under Cyp pollution, with notable 
differences observed among CN and Cyp-treated groups with time intervals (Fig.  1b). The most substantial 
reduction in MBC occurred on 1st day of cyp treatment (1000 mg kg− 1), having a rate of reduction of more than 
85% compared to CN. The acute toxicity of Cyp had an immediate impact on MBC, with reduction rates evident 
as early as day one, ranging between 58% at the start of incubation. Excitingly, the value of MBC at 50 mg kg− 1 
was significantly higher than CN from 1st week to 3rd week, ranging from 20% to 105%. Beyond the 7th week, 
MBC was generally decreased at the end of the experiment. A gradual upturn was found in MBC from 500 mg 
kg− 1 to 1000 mg kg− 1 in the 2nd and 3rd months of the experiment. However, the MBC in Cyp polluted soils 
showed a minor upturn in 3rd month of the experiment compared to the first week of incubation.
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Integrated assessment of cypermethrin toxicity via integrated biomarker response index
The sensitivity of bioindicators, involving Gmean-Enz, MBC, SR, and qCO2, was high at a higher amount of 
Cyp. For all bioindicators, there a noticeable variations in soil enzymes and MBC over time during the entire 
incubation period. On 1st day, the GMean Enz and MBC rate for Cyp treatments (50-1000 mg kg− 1) ranged from 
0.98 to 0.63, and 9.06, to 5.03, respectively. Subsequently, these scores increased by 60% on day 60 and ultimately 
declined to 20% on day 90. The influences of Gmean-Enz, MBC, SR, and metabolic properties of various Cyp 
treatments reached their maximum levels on day 30 (Fig. 2). The IBR/n ratios exhibited statistically significant 
ranging from 8.3 to 3.3 for Cyp concentrations between 50 and 1000 mg kg− 1 on 1st day and from 4 to 8 on days 
30 to 45 for 50 mg kg− 1 and 1000 mg kg− 1.

Isolation, identification, and characterization of cypermethrin degrading bacterial strain
Bacterial strains were isolated from the rhizospheric soil of the tobacco field in Swabi, Khyber Pakhtunkhwa. 
due to its demonstrated potential to enhance the growth of microorganisms in a medium containing pesticides, 
(individually added) specifically Cyp (750 ppm), Clorophyros (350 ppm), Atrazine (700 ppm), and Parathyrin 
(500 ppm) (Figure S1). Due to the higher tolerant capacity, we forward the strains with Cyp experiments. The 
subsequent analysis of the partial 16 S rRNA sequence, conducted through the online BLAST program, revealed 
that the selected strain belonged to the genus Bacillus. This taxonomic assignment was further validated by 
the high degree of similarity observed in the sequence, with a 99% match to Bacillus cereus. The sequence 
information has been officially deposited in the GenBank database under the accession number JX276537.1.

 Biochar yield, proximal, and chemical characteristics
The biochar yield at 550 °C was 69 ± 3.5%, with 5.75 ± 0.05% for mobile matter, 65.00 ± 0.01% for resident matter, 
and 27.25 ± 0.05% for ash content (Table S1). The biochar exhibited a pH of 12.53, and its electrical conductivity 
measured 40 µS cm− 1. The BET surface area was determined to be 45.30 m² g−1, with a pore size of 0.133 cm³ g−1 
and an average pore diameter of 1.50 nm.

Soil physico-chemical characteristics
Adding Cyp induced changes in soil physicochemical properties, including pH, electrical conductivity (EC), 
organic carbon (OC), and cation exchange capacity (CEC), but amending the contaminated soil with biochar, B. 
cereus, or their combinations effectively mitigated the negative impacts. The addition of Cyp lowered the pH of 
the control soil (CN) from 8.4 to 5.9, making the soil acidic. The addition of biochar in the Cyp-contaminated 
Soil (CS) helped enhance the pH to a neutral range (~ 7.2), while bacterial inoculation raised it to 6.9. In the 
combined application of Biochar and B. cereus in CS (CS + BC + B. cereus) soil pH was maintained at a neutral 
pH (7.1) (Fig. 3a). The EC of CN soil increased from 0.86 µS cm− 1 to 1.41 µS cm− 1 after cyp contamination. 
However, the bacterial inoculum and biochar reduced the soil EC enhanced by cyp contamination, which was 

Fig. 1.  Responses of microbial activities to Cyp pollution for 90 days incubation in (a) Soil respiration rate and 
(b) microbial biomass carbon (MBC); The different lower case letters indicate significant differences at p < 0.05 
levels using the one-way ANOVA Duncan test were applied where N = 4.
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1.36 µS cm− 1, and 1.38 µS cm− 1, respectivaly. The combination of bacteria and biochar in CS further lowered 
the EC to 1.20 µS cm−1 (Fig. 3b). The Organic content of CN soil (2.11 ± 0.01%) did not change significantly 
(p < 0.05) after Cyp-contamination (2.15 ± 0.01%). While both biochar (2.44 ± 0.01%) and bacterial inoculum 
(2.22 ± 0.01%) slightly increased the value, these changes were not statistically significant. However, a statistically 
significant increase (3.135 ± 0.03%) was observed in the combined application of biochar and bacterial inoculum 
in Cyp-contaminated soil (Fig. 3c). Cyp-contamination reduced the CEC value from 3.74 ± 0.02 C mol kg− 1 
to 1.54 ± 0.04 C mol kg− 1. The addition of biochar significantly increased CEC to 5.43 ± 0.1 mol kg−1, while 
bacterial amendment did not cause a significant change in the CEC value (1.56 ± 0.1 mol kg− 1). The combined 
application enhanced the CEC value to 6.18 ± 0.02 C mol kg− 1 (Fig. 3d).

Microbial biomass carbon
In the control treatment, microbial biomass carbon was 965.5 µg C g− 1 DW and in the Cyp treated soil microbial 
biomass carbon was 431 µg C g− 1 DW in 10–20 cm depth. The use of bacterial inoculum (B. Cereus) significantly 
increased the MBC in Cyp treated soil at 679.75 µg C g− 1 DW in 10–20 cm depth. However, significant increases 
(p < 0.05) were found in microbial biomass carbon by biochar application and microbial biomass carbon was 
determined at 734.25 µg Cg− 1 DW in 10–20 cm depth. Interestingly the microbial biomass carbon rate was 
significantly increased in the combined application of biochar and bacterial inoculum (Bacillus cereus) which 
was 953.25 µg C g− 1 as shown in Fig. 4a.

Soil basal respiration rate
Soil basal respiration rates (53 mg C m−2 h−1 DW) decreased due to Cyp-contamination (26 mg C m−2 h−1) but 
increased after amending the soil with biochar and bacterial inoculum The bacterial inoculation increased the 
basal respiration rates to 56.26 mg C m−2 h−1 which further increased to 61 mg C m−2 h−1 in biochar amendments. 
The combined application of Biochar and B. cereus in CS (CS + BC + B. cereus) substantially enhanced soil basal 
respiration rates to 76 mg C m−2 h−1 (Fig. 4b). These findings suggest the potential of biochar and bacterial 
inoculation to mitigate the impact of Cyp-contamination on soil microbial activity, highlighting promising 
avenues for sustainable soil management practices.

Microbial metabolic qCO2
The baseline microbial metabolic qCO2 in control soil (CN) was recorded at 5.9, indicating the natural level of 
carbon dioxide release associated with microbial processes (Fig. 4c). In the presence of Cyp-contamination(CS), 
the qCO2 level surged to 10.1, signifying a notable increase in microbial metabolic activity induced by the stress 

Fig. 2.  Changes of IBR/n values for each contamination concentration along with Cypdegeneracy.
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Fig. 4.  Effects of Biochar (BC) and bacterial Inoculum (BI) Bacillus Cereus amendments on (a) microbial 
biomass carbon, (b) soil respiration rate and (c) microbial metabolic (qCO2) in Cyp contaminated soil (CS) 
control CN soil. Values are mean of n = 4± S.E. Statistically significant different values are represented by 
different lowercase letters according to Duncan’s test (p < 0.05).

 

Fig. 3.  The physiochemical properties of soil (a) pH (b) EC, (c) OC, and (d) CEC, different treatments are 
CN (control) Cyp ( Cyp contaminated soil ) BC (biochar) BC + BI (Combination of biochar and bacterial 
inoculum). Error bars represent the standard error from 4 replicates measurements. Asterisks represent 
significant differences within a group according to Duncan’s test (p < 0.05).
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of the contaminant. With the introduction of Bacillus cereus, the qCO2 was 7.9. This suggests a restorative effect 
on microbial metabolic processes, potentially mitigating the adverse impact of Cyp (Fig. 4c). The addition of 
biochar resulted in a qCO2 value of 8.8, indicating a moderated but increased microbial metabolic activity. 
However, The combined application of biochar and Bacillus cereus yielded a qCO2 value of 8.5. This synergistic 
approach demonstrates a balanced enhancement of microbial metabolic activity, potentially contributing to the 
remediation of Cyp-contaminated soil.

Soil enzymatic analysis
Phosphatase, catalase, urease, and dehydrogenase, were measured to characterize the dynamic changes of 
microbial activities induced by soil amended with biochar and B. Cereus. Biochar and B. Cereus addition showed 
a significant promotion of all selected enzyme activities. However, Dehydrogenase activity was reduced by 
34% in the combined application of biochar-bacterial interaction in contaminated soil. The biochar-bacterial 
combination produced highly significant effects on enzyme activities, compared with the Cyp-contaminated soil 
treatment, the treatment promoted the activities of all the studied enzymes Table 1.

The GMean-EN value for the CN treatment started at 62.56 µg g−1 DW soil h−1. and remained relatively stable 
over the experimental period. In Fig. 5 the CS treatment, the initial GMean-EN value was 14.87, showing a slight 
decrease in this value by the end of the experiment. The CS + BI treatment exhibited an initial GMean-EN value 
of 25.98 µg g−1 DW soil h−1. For the CS + BC treatment, the GMean-EN values started at 26.31 µg g−1 DW soil 
h−1. and showed a consistent trend, reaching this value by the end of the experimental period. The CS + BC + BI 
treatment displayed a Gmean-Enz value of 58.26 µg g−1 DW soil h−1., which remained relatively stable throughout 

Fig. 5.  Effects of Biochar (BC) and bacterial Inoculum (BI) Bacillus Cereus amendments on soil Gmean-Enz 
in Cyp contaminated soil. Values are mean of n = 4± S.E. Statistically significant values are represented by 
lowercase letters according to Duncan’s test (p < 0.05).

 

Soil enzymes (mg g− 1 24 h− 1) CS CS + BI CS + BC CS + BC + BI

Alkaline Phosphatase 4.6 ± 0.93 c 6.12 ± 0.79 b 6.31 ± 0.86 b 8.13 ± 1.01 a

Catalase 3.4 ± 0.03 bc 4.9 ± 0.06 b 4.5 ± 0.21c 6.5 ± 0.41 a

Urease 54.5 ± 0.98 c 77.9 ± 1.33 b 77.9 ± 1.13 b 218.6 ± 1.95 a

Dehydrogenase 0.45 ± 0.02bc 0.47 ± 0.02 b 0.45 ± 0.01b 0.35 ± 0.03 a

Table 1.  Soil enzymes in contaminated soils (CS), amended with bacteria inoculum B. Cereus (BI), biochar 
(BC), and biochar + bacteria inoculum (BC + BI). All measurements are taken at pH = 7. Values are the 
mean ± SE where n = 5. Different latter indicates difference at significance level using one-way Annova 
(Duncan) test (op < 0.05), and n = 4 ± SD. Where a is highly signficant b is significant and c is lower significantly 
different.
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the experiment. The Gmean-Enz value for CN started at 62.57 µg g−1 DW soil h−1 and remained stable. The 
GMean-EN value showed a decrease of 76.20% with Cyp Concentration. However, the Biochar and bacterial 
amendment increased the Gmean-Enz by 56%.

Cypermethrin degrading experiment with biochar and bacteria
In Fig. 6, it is evident that nearly 85% of Cyp is obtained within the first 45 days, reaching adsorption equilibrium 
by day 30. This rapid adsorption of Cyp on biochar signifies a swift adsorption process. Subsequently, the 
experimental data underwent simulation using the Elovich and intra-particle diffusion models. As depicted 
in Table  2 the Elovich model effectively replicates the cyp-degradation rate, exhibiting a high coefficient of 
determination (r2 > 0.999).

This suggests that the interaction between Cyp and biochar or microbes involves chemical interaction 
between ligands and Cyp. Supplementary Figure S2 presents the corresponding adsorption curves for Table 2 of 
the Elovich model. Table 2 provides insight into the adsorption or degradation stages, aligning with the intra-
particle diffusion model (r2 = 0.991). The adsorption curves are provided now in Figure S3. This observation 
indicates that film diffusion governs the adsorption during the initial 15 days, while intra-particle diffusion 
becomes the predominant mechanism after 15 days until reaching adsorption equilibrium. In the control soil, 
the Cyp was also reduced but it was very slow and very little due to the soil particles however the adsorption 
equilibrium pattern was the same in the control soil where No amendment was added.

Discussion
Identifying Bacillus cereus as the strain of interest is particularly significant, given the diverse capabilities and 
ecological roles associated with this bacterial genus. Bacillus species are known for their versatile metabolic 

Treatments

Overall adsorption Elovich
Intraparticle 
diffusion

qt α β R2 kd C R2

CN 31.4 3.3 15 0.83 1.8 15 0.87

BC 131.8 15 61 0.74 9 58 0.84

BI 80 4.7 50.7 0.61 3 49 0.66

BC + BI 139.8 6.5 104.2 0.55 4 101 0.59

Table 2.  Constant parameters calculated from the Elovich, and Intraparticle diffusion, models for cyp-
degradation or adsorption in control soil (CN), biochar (BC), bacterial inoculum (BI) and combination of BC 
and BI (BC + BI).

 

Fig. 6.  Cyp Degradation experiments for 90 days incubation in soil under different treatment Control no 
amendment only Cyp (CN), Biochar (BC), and bacterial Inoculum Bacillus Cereus (BI) and Combination of 
biochar and Bacillus Cereus (BC + BI). Where Qt (mg kg− 1) is the the quantity of Cyp degraded over time.
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activities including the ability to degrade organic pollutants and promote plant growth through various 
mechanisms35,36. The strain’s resilience and effectiveness in the presence of multiple pesticides also underscore 
its potential applicability in agricultural and environmental bioremediation contexts37 Furthermore, the 
deposition of the strain’s sequence in GenBank enhances the accessibility of this valuable genetic information 
for the scientific community, facilitating future research, comparative analyses, and potential biotechnological 
applications. Overall, the selection and characterization of the Bacillus cereus strain contribute to our 
understanding of the microbial diversity in tobacco field rhizospheric soil and open avenues for exploring 
its practical applications in sustainable agriculture and environmental management. Supplementary Table S1 
provides comprehensive insights into the characteristics of the biochars studied, encompassing yield, proximate 
composition, and chemical analysis.

The impacts of Cyp contamination on the biochemical properties, including enzyme activity, and 
microbiological indices such as microbial biomass carbon (MBC), soil respiration (SR), and microbial metabolic 
activities qCO2 is crucial for monitoring the adverse impacts of pesticide dissipation on soil health. The decrease 
in microbial biomass carbon under Cyp contamination indicates a negative influence on the overall microbial 
community, potentially leading to a decrease in microbial growth and biomass38. The impact on MBC reflects the 
disturbance of microbial populations due to the presence of Cyp19,39. In Fig. (1a and 4b) a significant reduction 
in soil respiration in the presence of Cyp contamination was found. This reduction in SR highlights the adverse 
effects of Cyp on microbial functions and disruption of microbial activity. The Cyp treatments resulted in 
notable reductions in Gmean-EN and microbial biomass carbon, particularly at the start of incubation, showing 
significantly low compared to other time intervals. The lower enzyme production in Cyp-contaminated soil 
is due to the direct toxic effect of Cyp on the microorganisms responsible for enzyme production and cyneds 
groups which are the by-product of Cyp-inhibiting enzymes40,41. The pesticide interferes with the microbial 
cell membranes, cellular respiration, and other vital processes, leading to a decay in the metabolic processes of 
these organisms18. Consequently, the production and secretion of enzymes are hindered Similar results were 
presented by Herenandez et al.(2018)42 with chlorpyrifos, dimethoate, and phosalone. Cyp caused a significant 
rise in BR for the 50 mg kg−1 treatment on 1st day, possibly attributed to the acclimatization of native microbial 
response, to adjustments in cellular processes. This can be attributed to the adaptation process under Cyp 
stress43. Consistent with previous studies, initial decreases in urease and acid phosphatase activities, followed 
by recovery, were observed in soils treated with 1,3-dichloropropene and chlorantraniliprole44,45. The potential 
explanation lies in Cyp acting as a carbon source for soil microbes, augmenting the microbial biomass. Microbes 
use Cyp as organic carbon sources, for energy production through respiration. In this scenario, the higher 
microbial biomass leads to increased soil respiration rates as more microbes respire and release carbon dioxide. 
However, apparent trends emerged after 60 days, revealing declines in GMean-EN, microbial biomass carbon, 
and SR under Cyp stress. This phenomenon can attributed to the generation of harmful byproducts, such as 
paraoxon, diethyl thiophosphate, and p-nitrophenol, recognized for their persistence in soil and causing toxicity 
to soil microorganisms11,46. Gmean-Enz for Cyp degeneracy was comparatively lower than observed in instant 
pollution8. This difference might be due to prolonged application of pesticides, potentially leading to decreased 
soil quality, degradation, and microbial processes over the long term44,47.

The gradual dissipation of Cyp residues in the soil emerged as a prominent feature, exhibiting a rapid decline 
over the 90-day experimental period, ultimately leading to complete degradation by the study’s conclusion 
(Fig. 6). The Elovich equation hinted at the complexity of the adsorption process, portraying it as a multistep 
phenomenon involving chemical reactions at the surface In the context of Cyp adsorption, the Elovich model 
provides insights into the mechanisms involved in the interaction between Cyp molecules and the adsorbent 
surface and bacterial producing legends such as different types of enzymes. It suggests that the adsorption of 
Cyp is not a simple, one-step process but involves multiple stages of chemical reactions, possibly including 
the formation of chemical bonds between Cyp and the adsorbent. Similarly, the intraparticle diffusion model 
reveals information about the rate-limiting step within the Cyp and biochar bacterial interaction. If intraparticle 
diffusion is a significant factor, it implies that the adsorbate molecules are diffusing into the pores of the bacterial 
cell or biochar pores, and the rate of this intraparticle diffusion process influences the overall adsorption 
kinetics. In the context of soil studies, where these models find application, it was observed that the adsorption 
or degradation equilibrium for Bacillus cereus was attained by day 30. Notably, this equilibrium was relatively 
slower in comparison to scenarios involving biochar or combined applications, potentially influenced by 
hydrogen bonding and π-π interactions. The combination of biochar with the bacteria creates synergistic effects, 
providing multiple interaction sites for adsorbate molecules. This enhances the overall adsorption capacity, the 
increased specificity and complexity of interactions can contribute to a slower attainment of equilibrium. The 
slower equilibrium observed in scenarios involving hydrogen bonding and π-π interactions, particularly with 
biochar, is a result of the enhanced specificity, strength, and complexity of these interactions. These interactions 
contribute to a more efficient adsorption process, they also introduce additional molecular requirements and 
alignment considerations, slowing down the attainment of equilibrium48. The environmental fate of pyrethroid 
pesticides, particularly Cyp, is typically steered by abiotic degradation processes, including photolysis, oxidation, 
hydrolysis, plus bioremediation. The study, conducted under conditions excluding light exposure, indicated 
that the dissipation of Cyp was primarily influenced by hydrolysis and biodegradation, with photodegradation 
playing a subordinate role49. The pH of the soil emerged as a pivotal factor affecting the hydrolysis of Cyp, 
with faster hydrolysis rates expected under alkaline conditions. This is attributed to the nucleophilic activity of 
OH⁻ ions, which facilitate the hydrolytic transformation into other metabolites2,43. In addition to hydrolysis, the 
involvement of microorganisms in Cyp degradation was evident. Microorganisms exhibited the ability to utilize 
Cyp as a carbon source, adapting to challenging environmental conditions2. Remarkably, very low residues of 
Cyp were detected in Cyp-treated soil after the incubation periods in combined application treatment. Despite 
the absence of detectable Cyp residues, it is imperative to acknowledge the potential toxicity risks to the quality 
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of soil during biodegradation. Often, the absence of residues in the soil can lead to the undervaluation of toxicity 
risks associated with Cyp degradation2,17,50.

The use of biochar, and bacteria, interaction is explored for their potential to alleviate the negative impacts of 
Cyp. The cumulative soil respiration rate in Cyp -contaminated soil exhibited a notable decrease. This decline in 
respiration is attributed to variations in topsoil minerals sources, with substantially higher minerals compared 
to the Cyp-contaminated soil. SR and biomass carbon were significantly elevated (43–92% and 87–186% higher, 
respectively) in the biochar-treated soil, aligning with findings indicating a close relationship between basal 
activity, microbial biomass, and nutrient availability2,43,51. Soil electrical conductivity (EC) and moisture, pivotal 
factors governing microbial activity, were crucial considerations in evaluating SR. The SR exhibited strong 
correlations with EC and pH throughout the study. Despite a lower soil pH, the SR surpassed those in soils 
with higher pH, underscoring the impact of soil contamination on microbial composition and organic matter. 
Sandy soils, particularly those with low water-holding capacity, are vulnerable and the challenge is addressed by 
biochar and expanded shale, clay, and slate (ESCS) to enhance water retention in rhizospheric soil quality52 The 
application of biochar and microbial interaction significantly augmented soil respiration rates by 65% in Cyp 
-contaminated soil. However, the impact of biochar and bacteria on soil SR was comparatively lower. Increased 
soil respiration was likely due to microbial decomposition of applied biochar, accelerated decomposition of 
soil organic matter, and heightened root respiration. The contribution of biochar and microbial interaction to 
cumulative soil respiration rates was estimated at 5.4% 43. Supporting Table S1 explains the alkaline nature of the 
biochar attributed to alkali metals present on the biochar surface, contributing to the formation of hydroxide. The 
BET surface area 45.30 and average pore diameter (1.50) suggest a substantial surface available for adsorption 
and interaction. the pore size and the average pore diameter highlight the porous nature of the biochar, indicative 
of potential adsorption and catalytic capabilities53.

Consequently, the interaction between biochar and microbes may have influenced the bacterial composition 
of (soil organic matter) SOM. Cyp contamination affected soil respiration rates, with the application of ash 
notably increasing the root weight2,51. The addition of nutrients through biochar and microbial application 
likely enhanced respiration rates, suggesting a positive effect on microbial activity due to increased nutrient 
availability. Despite a tendency for basal respiration to decrease in Cyp -contaminated soil, the interaction of 
biochar and microbes led to an increase in basal respiration rates. This rise was mirrored by microbial biomass 
C, indicating a strong correlation between the two in both biochar and bacterial treatments. The transfer of 
nutrients from biochar to mineral soil promoted the growth of microorganisms, enhancing microbial biomass54. 
This approach proves beneficial in regions with low precipitation, enhancing water-holding capacity and nutrient 
availability while facilitating the degradation of Cyp and reducing environmental stress. Changes in Gmean-Enz 
activity can reflect variations in MBC responding to environmental disruptions8. The enzyme is considered a 
reliable criterion for measuring total microbial activity and demonstrated a positive relationship between soil 
enzymes and microbial biomass carbon when compost was added31. Native microbes use organic compounds 
as their source of energy and carbon increases enzyme secretion to meet their life needs through proliferation. 
However, under stressful conditions, microbes might prioritize energy consumption for cell maintenance over 
proliferation, leading to soil respiration and biomass of microbes18,41.

Effectively evaluating the risk linked to the degeneracy of Cyp on soil microbial ecology involves considering 
microbial activities in conjunction with the IBR/n index. The positions of individual bioindicators visually 
depict the environmental injuriousness of Cyp degeneracy in the ecosystem through IBR/n results for varying 
Cyp doses Fig.  2. The escalation in IBR/n values correlates with elevated Cyp concentrations, signifying an 
intensified biotoxicity risk to microorganisms over the long term. Our findings are consistent with studies on 
microplastics and atrazine dose-dependent rise in E. fetida stress, and the significant time-dependent nature of 
IBR/n values became apparent30. On 1st day the scores of IBR/n were lower than those from the week to 45 days. 
The temporary decrease is attributed to soil particles and Cyp toxicity on Gmean-Enz and microbes47. However, 
this protective effect was short-term throughout the complete evolution period, as the harmful outcomes of Cyp 
upon microorganisms prevailed. This is evidenced by the IBR/n scores remaining pretty high compared to 1st 
day at the end of the experiment, despite the absence of any residue of Cyp in the soil.

Conclusion
Bacillus cereus demonstrated enhanced pesticide tolerance, promoting growth in Cyp-contaminated media. The 
introduction of biochar into Cyp-contaminated soil increased pH (5.9 to 7.2), decreased electrical conductivity, 
and positively impacted soil organic content (2.15–3.135%). Cation exchange capacity surged from 1.54 to 6.18 C 
mol kg− 1, and soil respiration rate rose from 26 to 76 mg C m-² h− 1. Microbial biomass carbon increased from 
38.34 to 65.78 µg C g−1 DW. Enzymatic activities were promoted, indicating improved soil health. Moreover 
an initial decrease, Cyp residues rapidly declined, becoming undetectable after 90 days. The study highlights 
a comprehensive improvement in soil properties and microbial activities through biochar and Bacillus cereus 
interaction in Cyp-contaminated soil.

The study provides a comprehensive evaluation of the synergistic effects of biochar and Bacillus cereus in 
remediating Cyp -contaminated soils. By demonstrating significant improvements in soil physicochemical 
properties, microbial biomass, and enzymatic activities, this research offers a practical and environmentally 
sustainable approach to mitigating the adverse effects of pesticide contamination. The findings have important 
implications for enhancing soil health and productivity, particularly in agricultural systems exposed to pesticide 
stress. Moreover, the ability to effectively degrade Cyp within 90 days underscores the potential of this method 
as a viable strategy for large-scale bioremediation efforts, contributing to sustainable agricultural practices and 
environmental protection.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
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