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Abstract

:

This study aimed to isolate, purify, and identify some bacteria from different sources known to be contaminated with pesticides and evaluate their ability to degrade two important pesticides, chlorantraniliprole (CAP), and flubendiamide (FBD). In our study, six isolates showed maximum growth in the presence of CAP and FBD in the growth media as a sole carbon source. The isolates were purified and then identified by biochemical and morphological tests, MALD-TOF-MS, and 16S rRNA techniques, as Bacillus subtilis subsp. subtilis AZFS3, Bacillus pumilus AZFS5, Bacillus mojavensis AZFS15, Bacillus paramycoides AZFS18, Pseudomonas aeruginosa KZFS4, and Alcaligenes aquatilis KZFS11. The degradation ability of studied bacterial strains against pesticides was estimated under different conditions (temperatures, pH, salt, and incubation time). The results reveal that the optimal conditions for all bacterial strains’ growth were 30–35 °C, pH 7.0, 0.0–0.5% NaCl, and an incubation period of 11 days at 150 rpm in the presence of diamide insecticides at 50 mg/L. The capacity of six bacterial strains of CO2 production and degradation ability against various diamide pesticides and other pesticide groups (Profenofos, Cypermethrin, Carbofuran, and Malathion) were evaluated. The results show that the Pseudomonas aeruginosa KZFS4 (LC599404.1) strain produced the highest CO2 content, about 1.226 mg CO2/16 day, with efficacy in the biodegradation of FBD-CAP (78.6%), while the absorbance of bacterial growth (OD 600) on various pesticides ranged from 1.542 to 1.701. Additionally, Consortium-(No. 3)-mix-6-strains gave 1.553 mg CO2/16 days with efficacy (99.6%) and turbidity of 2.122 to 2.365 (OD 600) on various pesticides. In conclusion, the six bacterial strains could play an important role in the biodegradation process of pollutants in soils.
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1. Introduction


Pesticides are chemicals used to get rid of pests, protect crops, and improve the overall productivity and quality of agricultural production [1]. The amount of pesticides used worldwide has increased as evidenced by the increase in active ingredients from 1990 (2285 Gg/year) to 2016 (4088 Gg/year). Pesticide consumption has recently surpassed four million tonnes per year [2,3]. The overuse of these chemicals has led to major problems, including contamination of the water, soil, and, to a lesser extent, the air. Frequently, the residual pesticide content in soil contamination exceeds the legal limits. In these cases, the difficulty is obtaining agricultural soil suitable for producing environmentally friendly crops while reducing the number of toxic chemicals [1,4]. Pesticide poisoning and the contamination of food, water, and the environment are global public health issues [5]. Furthermore, each country’s legislation on pesticide use, pesticide residues allowed, and pesticide registrations, if any, varies greatly [1,6].



Pesticides cause behavioral, physiological, and morphological changes in aquatic and terrestrial organisms [7,8]. However, these xenobiotics infiltrate the food chain and reach people through biomagnification [9]. Pesticide exposure has been shown to have neurological and physiological effects, such as tremors, fasciculations, convulsions, coma, pulmonary edema, respiratory failure, and irregularities in cardiac conduction [10,11].



Several different classes of pesticides are organized according to the application in which they are used in controlling weeds and insect pests [12]. Most pesticides are used as insecticides to control a wide variety of insects. Cholinesterase inhibitors (organophosphates and carbamates), pyrethroids, neonicotinoids, and ryanoids [13] include several chemical compounds such as Chlorantraniliprole (C18H14BrCl2N5O2) (CAP) and flubendiamide (C23H22F7IN2O4S) (FBD), known as diamide insecticides, characterized with a favorable toxicity profile, diverse activity, and a sharing of the same target site, the ryanodine receptor. Therefore, it is grouped under the ryanodine receptor modulator, Group 28 of the Insecticide Resistance Action Committee (IRAC) Behavior Classification [14,15].



Metabolic processes used by indigenous bacteria can be exploited for degradation, as bioremediation is an environmentally friendly, cost-effective, and efficient method compared to physical and chemical ones. Several methods are available for the degradation of pollutants, depending on the type of bacteria or enzyme used. The removal efficiency of these processes depends on the type of pollutant and the environmental and chemical conditions of the soil [1,4,16].



Bioremediation is a process that reduces pesticide leakage in agricultural soils through biodegradation processes, especially by using microorganisms that can efficiently eliminate pesticides from the soil and water. The efficiency of this process depends on the characteristics of pesticides, such as how long they remain in the soil, how well they are distributed, and how well they are absorbed by plants [16]. The toxic pesticides could be removed from the soil via efficient and expensive methods such as excavation, physical removal, and in situ fixation. Bioremediation returns an area to its natural state by breaking down and removing harmful substances through natural processes [4].



Microorganisms were found to be effective agents in controlling or reducing the hazard of toxic pollution, along with other processes. Each soil’s characteristics and environmental conditions can affect how effectively pesticides are removed from the environment. Bhatt et al. [17] showed that soil microorganisms could help degrade pesticides and be a source of energy, carbon, and other nutrients.



The key factor in bioremediation is reducing pesticide toxicity to harmless levels. Regulatory authorities issue various guidelines [18]. For successful bioremediation, a strong and capable bacterial strain is required to degrade the toxic substance to a harmless one. The final step in the bioremediation of pesticides involves oxidizing the parent compound to CO2 and H2O. During the oxidation of the pesticide, there is a transfer of electrons from the pesticide to any electron acceptor, whether in aerobic conditions (oxygen) or anaerobic conditions (nitrate, iron, and sulfate) [18,19].



Therefore, this study aimed at isolating, purifying, and identifying some bacteria from different sources known to be contaminated with pesticides and evaluating their ability to degrade two important pesticides, CAP and FBD and FBD-CAP-mixture plus different pesticides, through lab-scale experiments.




2. Material and Methods


2.1. Pesticides and Media


CAP and FBD (purity, 98.1%) were procured from Sigma, (Giza, Egypt). The other pesticides, profenofos (PFS), cypermethrin (CYP), carbofuran (CFN), and malathion (MLN), were obtained from the Department of Pesticides, Faculty of Agriculture, Zagazig University, Zagazig, Egypt. The stock solution of pesticides was prepared at a concentration of 1000 mg/L as recommended by Gao et al. [20]. The concentration of pesticides added to the media was adjusted for the requirements of each experiment. The mineral salt medium (MSM) consisted of (mg/L): K2HPO4, 500; KH2PO4, 250; NaCl, 500; (NH4)2SO4, 230; CaCl2.2H2O, 7.5; MgSO4.7H2O, 100; MnSO4.7H2O, 100; FeCl3, 1 mg; Distilled water: 1000 mL at pH = 7.0, as described by Atlas and Synder [21], while the Trypticase soy broth (TSB) medium was obtained from Sigma, Egypt.




2.2. Sampling, Enrichment, and Bacteria Isolation


Soil, leaves, and water samples were collected from two areas with a known history of contamination with pesticides, adjacent to two factories producing pesticides and chemicals in Egypt (Abu-Zabal chemical plant, fertilizer factory AZF, with coordinates “30.2415° N 31.3522° E”; and Kafr El-Zayat pesticides and chemicals factory KZF, with coordinates “30.8285° N 31.8138° E”. The samples were collected in plastic bags or bottles containing 500 g or mL and stored at 4 °C until enrichment [21]. MSM was used for culture enrichment. A total of 10 g or mL of each sample was added to 100 mL of a 250 mL Erlenmeyer flask containing 40 mg/L of FBD-CAP mixture and incubated at 30 °C for a week with shaking at 150 rpm according to the method of Setlhare et al. [22]. Fresh media were sub-cultured until a stable culture was obtained.



Portions of each culture were spread on MSM plates supplemented with 40 mg/L FBD-CAP and incubated at 30 °C until growth was visible. Pure cultures were obtained by streaking individual morphologically different colonies on trypticase soy medium plates. The purified colonies were selected and stored as 20% (v/v) glycerol stocks at 70 °C. The highest six active bacterial isolates were coded as AZFS3, AZFS5, AZFS15, AZFS18, KZFS4, and KZFS11 and used for further experiments.




2.3. Characterization of Bacterial Isolates


Based on their morphological, biochemical, and physiological characteristics, a series of biochemical and physiological tests were performed to predict the identities of the six isolates [23,24,25], Academic Park, Faculty of Medicine, Alexandria University, Egypt, and Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS) was used to confirm the isolates. In brief, one large colony or multiple small colonies (enough to fill about one-half of a 10-μL inoculating loop) of a bacterial isolate to be tested was suspended in 70% ethanol in a 1.5-mL microcentrifuge tube. Extraction of bacteria, matrix preparation, spotting of the steel target plate, and calibration of the instrument were performed as previously described [26,27,28,29]. Extracts of bacteria were run through a Bruker MALDI-TOF MicroFlex LT mass spectrometer to generate spectra, and the Biotyper Software (Version 2.0.4, Bruker Daltonik GmbH, Bremen, Germany) was used to analyze the results.




2.4. Molecular Identification of Isolates


The six selected bacterial isolates were molecularly identified based on the determination of the nucleotide sequence of their 16S rRNA gene followed by multi-sequence alignment compared to the most similar overseas strains documented in GenBank. Total DNA extracts were prepared and purified as described by Sambrook et al. [30], and PCR amplification was conducted using two universal primers (27F: 5′-AGA GTT TGA TCC TGG CTC AG-3′ and 1492R: 5′-GGY TAC CTT GTT ACG ACT T-3′) according to the protocol of Srivastava et al. [31] in a volume of 25 µL using Veriti 96 well thermal cycler (Applied Biosystems®, San Francisco, CA, USA) (Baek et al., 2010).



PCR products were purified using the QIA quick PCR purification for determining their nucleotide sequences using the Applied Biosystems 3500 Genetic Analyzer (ABI 3500 sequencer, item: 30,496) at a capillary length of 50 cm and 36 cm, using a peak block ramp rate of 3.9 °C/s, reaction volume ranges of 10–100 mL, a sample ramp rate of ±3.35 °C/s, and a temperature range (metric) of 4.0–99.9 °C. The phylogenetic tree was constructed using the neighbor-joining method [32]. The trees replicate (%), associated with taxa clustered, was calculated with the bootstrap test [33]. The evolutionary distances were computed using the maximum composite as described by Tamura et al. [34]. The evolutionary distances were computed using the maximum composite described by the evolutionary analyses using the Molecular Evolutionary Genetics Analysis Version X (MEGAX) software [35].




2.5. Optimization of Growth Culture Conditions and Pesticide Biodegradation


Fresh bacterial inoculum was prepared by cultivating in TSB tubes to an optical density of 600 nm and adding 1 mL of inoculum equivalent to (107 CFU/mL) from the six bacterial strains in 250 mL of MS broth containing 50 mg/L of CAP and FBD mixture according to the method of Gao et al. [20] under different growth conditions (temperatures: 25, 30, 35, and 40 °C; pH degrees: 6.0, 7.0, 8.0, and 9.0; NaCl concentrations: 0, 0.5, 2.5, and 5.0%; 0, control means that no salt is added to the MS broth during its preparation; and interval incubation periods: 3, 7, 11, and 16 days at the agitation of 150 rpm using a shaking incubator). The optical density (OD) at 600 nm (OD 600) was determined by using a spectrophotometer (UV-2101/3101 PC; Shimadzu Corporation, Analytical Instruments Division, Kyoto, Japan) following the modifications described by Ouided and Abderrahmane [36] and John et al. [37]. Referring to the one variable at a time (OVAT) technique, all factors were held constant in these experiments, with only the targeted variable being changed for the optimization of process variables [22,38]. In all of the previous experiments, three additional flasks without CAP and FBD mixture were used as control.




2.6. Laboratory-Scale Bioremediation by Determine Microbial CO2 Production


A respirometric biodegradation test was conducted in a special unit consisting of a one-liter wide-mouth jar, Pyrex, with a special lid [39,40]. With some modifications, 100 g/d. wt. Soil and sandy loam were brought to 55% of water-holding capacity (WHC) by adding the defined amount of distilled water containing the desired nutrient concentration. The nitrogen and phosphorus corrections were performed using (NH4)2SO4: 0.60 mg/100 g of soil and phosphorus KH2PO4: 0.1 mg/100 g of soil. Afterward, 2.0 mL of each bacterial strain (107 CFU/mL) was added individually and from the prepared consortium from the 6-strain inoculant adjusted in the same volume with sterilized water to the equipped soil, thoroughly mixed, and put carefully in an open glass vessel specific to the used laboratory unit and then treated with 10 mg/kg of FBD-CAP-mixture [41]. At the same time, three controls were used as follows: Control (1): Three additional units without the FBD-CAP mixture and without bacterial strains were used as a control for soil respiration; control (2): three units with FBD-CAP mixture and without inoculum as soil bacteria respiration control; and control (3): six bacterial strains and their consortium with soil without the FBD-CAP mixture.



The prepared soil jars were incubated at 28 °C, and the titration was carried out after 3, 7, 11, and 16 days of incubation. The output of CO2 was trapped in 100 mL of KOH 0.1 N and determined by titrating the residual KOH with a standard solution of HCl (0.1 N), (1.0 mL of 0.1 N HCl equivalent to 2.20 mg CO2). The obtained results were calculated after taking the amount of liberated CO2 from control jars into account and expressed as mg CO2/100 g.d.wt. Sandy loam soil samples were collected from an organic farm in Sharkia Governorate, Egypt, at coordinates “30.35697° N, 31.61435° E”. The soil was not previously contaminated with pesticide compounds and was characterized as fertile and healthy. The physicochemical analyses of the soil were described and presented in Table 1 [42,43],




2.7. Biodegradation of Different Pesticide Groups


Inoculum was prepared by growing bacteria in 50 mL of TSB overnight at 30 °C on a rotary shaker at 150 rpm. Cultures were pelleted by centrifugation at 6000× g for 10 min. Cells were washed three times with 25 mL of sterile 0.0125 M phosphate buffer (pH 7.2), and 107 CFU/mL were used. The six bacterial pesticide degraders and their consortia were tested for their ability to grow on some diamide pesticides CAP, FBD, and CAP-FBD mixture as well as some different pesticides (Profenofos, Cypermethrin, Carbofuran, and Malathion) as a sole source of carbon for energy [37,44]. This experiment was conducted in duplicates using MSM in 250 mL Erlenmeyer flasks and the presence of 100 mg/L of each pesticide [45,46]. The experimental conditions were a pH of 7.0, an incubation temperature of 35 °C, a salinity of NaCl of 0.5 g, an incubation period of 11 days, and shaking at 150 rpm. At the same time, three additional flasks without the FBD-CAP mixture were used as controls. In the last part of the experiment, the absorbance of bacterial growth at 600 nm was measured.




2.8. Statistical Examinations


CoStat statistical program (6.311) was used to conduct statistical data analyses. A one-way ANOVA was conducted to compare various treatments. We cannot conclude that a significant difference exists if the p-value is <0.05. The one-way ANOVA test was conducted by a post hoc test using the Duncan test to make multiple comparisons between the means of various treatments. Duncan’s multiple range test fails at the 5% probability level for the means labeled with the same letter in more than one column.





3. Results


3.1. Identification of Bacterial Strains


In this study, six bacterial isolates named AZFS3, AZFS5, AZFS15, AZFS18, KZFS4, and KZFS11 were isolated, purified, and selected based on their ability to grow in a culture medium containing CAP and FBD as sole sources of carbon, and were used as bio-degrading agents for pesticide biodegradation.



Recent developments in mass spectrometry have made it possible to rapidly and accurately identify bacteria and fungi [47,48] by comparing the sample spectra to those of the reference database in this study, the keys of Bergey’s Manual of Systematic Bacteriology (2012). William et al. [49] identified the selected bacterial isolates up to the genus and species levels. In addition, as a more advanced method, the MALDI-TOF-MS strategy was also used to confirm the identification of the selected bacterial isolates.



Biotyper Software compares the spectrum of tested organisms to peak, list-based entries of bacterial strains in the database and provides similarity scores and the closest matches to the organisms. A score below 1.699 is unreliable. This advanced strategy employed in this study for directly identifying pesticide-degrading bacteria was much faster and more specific than other proposed methods. The same conclusion was reached by Stevenson et al. [29] and Moussaoui et al. [50]. Additionally, Bille et al. [47] mentioned that, in 99.2% of cases, this technique allowed for the correct identification of bacteria grown on solid media (2609 out of 2630 organisms).



The bacterial isolate AZFS3 was identified based on the nucleotide sequence of the 16S rRNA gene and documented in Genbank as the strain of Bacillus subtilis subsp. subtilis under the accession number LC599401.1. Results in Figure 1 representing the phylogenetic relationship of this isolate compared to the most similar overseas strains showed 96% similarity between AZFS3 isolate and the 16S rRNA gene of Bacillus subtilis strain (MT111013.1). This result was completely in harmony with MALDI-TOF, morphological, and biochemical properties illustrated in Table 2, Table 3 and Table 4. The MALDI-TOF scores for isolates AZFS5, AZFS15, AZFS18, KZFS4, and KZFS11 were 2.332, 2.141, 2.323, 2.129, and 2.120, close to Bacillus pumilus, Bacillus mojavensis, Bacillus paramycoides, Pseudomonas aeruginosa, and Alcaligenes aquatilis, respectively, and these results were confirmed among analyses of the 16S rRNA gene of the other five isolates.



The sequence similarities of AZFS5 (LC599402.1), AZFS15 (LC599403.1), AZFS18 (LC599406.1), KZFS4 (LC599404.1), and KZFS11 (LC599405.1) were 97, 99, 91, 98, and 96% with Bacillus pumilus strain (KJ574403.1), Bacillus mojavensis (OK090420.1), Bacillus paramycoides strain (MN093405.1), Pseudomonas aeruginosa strain (JN412064.1), and Alcaligenes aquatilis strain (CP032153.1), respectively.



The results in Table 3 prove that conventional identification using morphological and biochemical methods and identification obtained from cultures using the Bruker Daltonies MALDI-TOF-MS instrument produced identical results, but the latter was a simple and quick identification. Data from 16S rRNA sequencing and MALDI-TOF-MS for identification were used to confirm [51,52], because ribosomal proteins and ribosomal nucleic acids have evolved together [27,53].




3.2. Factors Affecting Bacterial Growth through Biodegradation of Diamide Pesticides


In this study, only four factors were changed to optimize cultural growth conditions: temperature, salt, pH, and incubation time; the bacteria were left to grow. The experiments were done on a laboratory scale with six active bacterial strains in the presence of 50 mg/L of CAP-FBD mixture as a pesticide indicator.



3.2.1. Effect of Temperature


Temperature, for example, affects pesticide bioavailability and biodegradation [54,55]. The changes in the bacterial growth of the six tested bacterial strains in MSM supplemented with CAP-FBD mixture as affected by different incubation temperatures are given in Figure 2A. The growth dynamics of the tested bacteria were determined by measuring the optical densities during the experiment, which lasted for 11 days of incubation (pH 7.0, salinity 0.0% NaCl). The tested bacterial strains could grow at various temperatures of 25, 30, 35, and 40 °C. There was an increase in turbidity (bacterial growth) at O.D. 600 nm, a 2–3-fold increase compared to the control.



Additionally, the incubation temperature was increased from 25 to 40 °C, and the best range of growth was from 30 to 35 °C. The results also revealed that the highest bacterial biomass of the tested strains was observed at 35 °C and showed a positive correlation between the temperature degree and the bacterial biomass production. These results confirmed those obtained by Lin et al. [56], who reported that temperature significantly influenced cypermethrin biodegradation by Streptomyces sp., strain HU-S-01, and also showed that cypermethrin biodegradation occurred between 30 and 35 °C.



Moreover, Siddique et al. [57] found that the optimal temperature for the degradation of HCH isomers (a and c) was similar; increasing the temperature to 30 °C accelerated endosulfan biodegradation [58,59]. The biodegradation of pesticides was observed most accelerated at 35 °C [54,60]. Meantime, [61] confirmed that the degradation of flouroxypar was accelerated at 35 °C. Additionally, Farhan et al. [62] isolated Bacillus sp. Ct3 from chlorpyrifos-contaminated cotton soils, which biodegraded 88% of chlorpyrifos (125 mgL−1) in 8 days. The optimal temperature for profiling Bacillus sp. Ct3 biodegradation of chlorpyrifos was 35 °C.




3.2.2. Effect of Initial pH


The pH level of the medium is the primary factor in regulating microbial growth. The changes in the optical density (O.D. 600 nm) of the six tested bacterial strains were monitored for 11 days of incubation at 35 °C, and 0% NaCl is given in Figure 2B. The results show that when the initial pH of the tested media was between 7.0 and 8.0, all tested strains showed a significant rise in bacterial growth. This alteration in pH value caused considerable bacterial growth rates to increase by five and six-fold in pH 7.0 and 8.0 and one-fold in the case of pH 9.0 compared to the control. The data also reveal that two bacterial strains, Bacillus mojavensis AZFS15 and Bacillus paramycoides AZFS18, had the highest bacterial biomass at pH 7.0, while the rest of the bacterial strains showed the highest bacterial biomass at pH 7.0 but with slightly less growth. At pH 6.0 and 9.0, bacteria achieved the lowest growth values. The differences depend on thebacteria type and its ability to use the CAP-FBD mixture as a source of carbon and energy in MSM.



Accordingly, results were obtained by Vidali [63], Karpouzas, and Walker [64]. When they tested ethoprofos, pH 7.0 was optimal for growth, followed by pH 8.0. Additionally, Mohan et al. [65] found that when the environment was optimized at pH 8.0, the biodegradation of endosulfan was faster. During the biodegradation of endosulfan in soil, a pH range of 7.0 ± 0.1 was observed [59]. Moreover, Sidal and Yilmaz [66] found that an initial pH of 7.0 and 30 °C was optimal for Pseudomonas sp. to produce rhamnolipid and the highest biosurfactant concentration. The surface active properties of biosurfactant formed by Lactobacillus pentosus were also impacted by decreases in pH and temperature, with the highest stability and surface tension reduction at pH 8.0 [67]. The optimal biosurfactant production by P. aeruginosa and B. subtilis 181 was observed at pH 7.0 and 37 °C [68,69].



In this study, at pH 6.0 and 9.0, there were obvious decreases in the bacterial biomass for all tested bacterial strains used. Similar findings were reported by Cycoń et al. [70], who revealed that low pH may inhibit the activity of bacteria and enzymes associated with pesticide transformation. Furthermore, Abo-Amer [71] proposed that acidic and alkaline pH inhibited diazinon degradation.




3.2.3. Salinity Effect


Salinity’s impact on pesticide biodegradation was also reported to be rarely evaluated. Due to the potential for cell membrane disruption, protein denaturing, such as enzymes, and osmotic force changes caused by high NaCl concentrations in the medium, bacterial biodegradation of diamide pesticides was weak in these conditions [72]. In this experiment, the ability of six studied strains to grow at four different NaCl concentrations (0.0, 0.5, 2.5, and 5.0%), was determined at 35 °C, pH 7.0, and incubation for 11 days with 50 mg/L of CAP-FBD mixture.



The experimental results in Figure 2C showed that all bacterial strains were very sensitive to the NaCl concentrations, as indicated by the obvious decline in their growth rates. Salinity has a big effect on all biological processes and is likely to slow down bacterial growth and, as a result, make it harder for the bioremediation of pesticides. On the other hand, these bacterial strains were mainly isolated from soil and freshwater contaminated with pesticides, not from marine environments. Data in Figure 2C show that the control treatment (0% NaCl) was the most suitable concentration for most tested bacterial strains. The conclusion could be summarized that the most suitable concentrations for the most tested bacterial strains were within 0.0 and 0.5%.



The findings that were obtained in this study are consistent with those that Yun et al. [73] found; as soil salinity increased, metabolism and the rate of chlorpyrifos degradation were reduced. As salinity increased, it took longer for desethyl lactofen and acifluorfen to biodegrade [74]. Furthermore, salinity may impact microorganisms and thus the biodegradation of lactofen and metabolites. Lactofen residues may be more severe in higher salinity soils and require attention [72]. Minai-Tehrani et al. [75] examined the effects of various NaCl concentrations (0.0–5.0%) on contaminated soil. They found that biodegradation was higher in 0.0% NaCl (41%), while the reduction was higher in 1.0% NaCl (35%), and 5.0% NaCl showed the lowest reduction (12% and 8%, respectively).



On the other hand, salts may also accelerate the degradation of pesticides in soils due to other factors. It was found that salts enhance the degradation of parathion in soil because salts catalyzed the surface hydrolysis of organophosphorus esters [76]. Moreover, the effects of salinity on solubility and extracellular enzymes may transform pesticide degradation [73]. The effect of salt content on pesticide bioremediation in the saline–alkaline soil condition has received little attention, and little is known about the Effect of salinity on the bioremediation process of contaminated soils [55]. Furthermore, limited information is available on the degradation of pesticides in saline soils.




3.2.4. Effect of Incubation Period


The influence of the incubation period (3, 7, 11, and 16 days) on the growth of the selected six bacterial strains at different time intervals was studied using an MSM, pH 7.0, and incubation at 35 °C. The bacterial growth in terms of bacterial biomass as a function of time was determined spectrophotometrically at 600 nm Figure 2D.



The results presented in Figure 2D provided that as the time of incubation proceeded, most bacterial strains showed an obvious increase in bacterial growth (biomass). The highest bacterial biomass formation was observed at 11 days of incubation. After the experiment, at 16 days of incubation, there was a progressive decrease in bacterial biomass formation in all the tested bacteria. This reduction could be attributed to the absence of available carbon and energy sources in the medium or the presence of toxic metabolite compounds in the medium.



The obtained results are in the same line as Hussain et al. [77]. During the first three days of incubation, very little degradation was reported. After 7 days of incubation, the biodegradation of both isomers of endosulfan was between 22 and 60% (a-endosulfan) and between 18 and 58% (b-endosulfan). The removal of both isomers of endosulfan by bacterial strains ranged from 43 to 93% after 14 days of incubation. Based on Sharma et al. [78], Bacillus sp. and Micrococcus sp. demonstrated 71.6% degradation after 10 days of incubation at 0.1% v/v chlorpyrifos. Bacillus species showed 40% and 44% at the same concentration levels. Incubating the isolate Staphylococcus aureus for two weeks made it more effective at breaking down 80% of the total compound in the media. Additionally, Doolotkeldieva et al. [79] reported that active Bacillus polymyxa and Pseudomonas fluorescens bacterial strains were used in consortia and individual cultures. They have demonstrated high rates of degrading activity on the pesticide Aldrin in 12 days.





3.3. Changes in the Amount of CO2 Evolution


The main concept behind using microbes to clean up pesticide pollution in the environment is to use organic pesticides as carbon and nitrogen sources. Complex pesticide compounds are broken down into simple compounds or completely decomposed into CO2, H2O, and NH3, reducing pesticide residues and toxicity [80]. Through the degradation process, bacteria get energy from these waste products. The degradation process occurs best when the temperature, pH of the soil, and amount of water in the soil are all optimum. In this connection, a respirometric biodegradation experiment was carried out in a special biometric flask (1.0 L) using sandy loam soil, which was spiked with CAP-FBD mixture at (10 mg/kg) and inoculated with the highest active diamide-pesticide degraders used in this study.



The six bacterial strains were used individually and also used in consortia as follows: consortium (no.1), used two short-rods Pseudomonas aeruginosa KZFS4 and Alcaligenes aquatilis KZFS11; consortium (no.2), used four bacilli (Bacillus subtilis subsp. subtilis AZFS3, Bacillus pumilus AZFS5, Bacillus mojavensis AZFS15, and Bacillus paramycoides AZFS18; and consortium (no.3) mixed all the aforementioned six strains (two short-rods and four bacilli) to estimate the true and effective metabolic activity of the tested bacteria, individually and in association, during the biodegradation process by measurement of CO2 production. Table 5 shows how CO2 was measured when the tested bacterial strains were put in an incubator at 28 °C for 16 days.



The obtained results indicate that there were large differences between the tested active pesticide degraders in their capacities to biodegrade or mineralize the CAP-FBD mixture at 10 mg/kg, as indicated by the rate of CO2 output from the soil in question and the calculation of the average rate of CO2 evolution. Additionally, the rate of CO2 production was calculated for each treatment during the 16 days. Pseudomonas aeruginosa KZFS4 showed the highest individual average rate of CO2 production from biodegradation of FBD-CAP, at 1.226 mg CO2/16 day (78.6%) and total CO2 production at 46.352 mg CO2/16 days, followed by the B. subtilis subsp. subtilis AZFS3 strain recorded 0.901 mg CO2/16 day (57.7%) and total CO2 production at 33.668 mg CO2/16 day. Additionally, the lowest average rate of CO2 production was registered at 0.810 mg CO2/16 day (51.9%) in the case of Bacillus mojavensis AZFS15. Our findings are consistent with that of Gilani et al. [81] who reported that Pseudomonas is a diverse genus with numerous enzymes and catabolic processes involved in the biodegradation of pesticides. According to reports, Pseudomonas putida MAS-1 is 90% more effective in degrading chlorpyrifos. In aerobic conditions, Pseudomonas ATCC 700113 utilizes 3,5,6-trichloro-2-pyridinyl as its only carbon and energy source, degrading into CO2, water, chloride, ammonium, and other unknown polar metabolites [81,82].



Some studies have evaluated the relationship between microbial respiration, microbial biomass, and pesticide biodegradation in various soils [83,84]. Their results show that the breakdown of pesticides (alachlor, fluometuron, chlorsulfuron, dicamba, metsulfuron, and 2,4-D) was linked to the respiration of bacteria and biomass.



Table 5 reveals that the CO2 rate of tested bacteria reached its peak after 3 days of incubation, in the case of bacteria and consortium, except for Bacillus subtilis subsp. subtilis AZFS3 and Bacillus pumilus AZFS5 reaching their peak in 7 days. The amounts of CO2 decreased gradually until the experiment’s end in both individual bacterial strains and consortia. This decline in CO2 production might be attributed to the decline in the density of the microbial population; which was previously attributed to the exhaustion of the available degradable organic fraction, and [85] mentioned that this decline could be attributed to toxic compounds in soil or the lack of assimilable carbon and energy sources.



Significant amounts of CO2 uptake were recorded during the experiment when the active diamide-pesticide-degrading bacteria were mixed and added to the soil as a consortium (no. 1, no. 2, and no. 3). The rate of CO2 production from FBD-CAP reached its peak after 3 days of incubation, being 0.665, 0.688, and 0.712 mg CO2/day/100 g.d.wt.soil. The average rate of CO2 output from FBD-CAP degradation was 1.397, 1.446, and 1.553 mg CO2/16 day, with biodegradation efficiencies of 89.6, 92.8, and 99.6%. Total CO2 production was 51.162, 57.195, and 70.021 mg CO2/16 day, in the cases of consortia no. 1, 2, and 3, respectively. The mixed bacterial strains as a specific consortium showed more growth and degradation of the CAP-FBD mixture of 10 mg/kg used in this study, as indicated by the values of CO2 production and the average rate of biodegradation efficiency.



Additionally, it is interesting to notice from the data in Table 5 that the amount of CO2 evolved at 16 days and, in the case of consortium no.3, reached a zero value. The six bacterial strains used, in association forms, exhausted or mineralized the available degradable CAP-FBD mixture completely, and the density of the microbial population declined due to the exhaustion of available nutrients and energy sources. In cases where a pollutant is toxic, or there are not enough suitable microorganisms, using a bacterial consortium as an inoculum has some benefits over bio stimulation by native microorganisms (quality or quantity). Due to their synergistic effects, the microorganisms’ consortia can degrade diamide pesticides more quickly than single isolates.



Xu et al. [86] enriched a bacterial consortium to test their ability to biodegrade neonicotinoid insecticides under different conditions (pH values, temperatures, and various pollutant concentrations). They could see that pesticide contaminants were broken down quickly and that the consortium had synergistic effects, indicating that the consortium was better at biodegrading pollutants in an unstable environment.



The findings demonstrate that the consortium could improve the degradation rate of the CAP-FBD mixture, and adding the number of carbon sources could increase the biodegradation rate of the CAP-FBD mixture. These results are in line with Pino and Peñuela [87].




3.4. Biodegradation of Diamide Pesticides


Based on the findings of the performed experiments in this study, it could be inferred that the six tested bacterial strains have the ability for diamide pesticide degradation. In this experiment, the ability of these bacteria to break down a variety of pesticides (Profenofos, Cypermethrin, Carbofuran, and Malathion), and use diamide pesticides in the forms of (CAP-FBD mixture, FBD, and CAP) 100 mg/L as sole sources of carbon and energy in MSM under optimal conditions, was tested. The registered bacterial growth at O.D. 600 nm of the six tested bacterial strains as well as the consortium of six bacteria, given the best result in the previous experiment, were used in this study as an efficient bacterium in pesticide degradation as affected by different carbon sources as shown in Table 6.



As for the first group of carbon sources, CAP-FBD mixture, FBD, and CAP, with 100 mg/L, the tested bacteria could grow and utilize them as indicated by the values of their optical densities, which ranged as follows: from 1.233 to 2.365, from 1.216 to 2.119, and from 1.300 to 2.234, respectively, as shown in Table 6. Similar results regarding the efficient degradation of pesticides by the tested bacteria were ascertained. Around the world, many soil bacteria with the potential for bioremediation have been identified [88]. Microorganisms usepesticides that contaminate the soil for their energy or as a source of nutrients, which is the primary mechanism behind bioremediation.



Several factors affect bioremediation, such as bioavailability, substrate, and environmental factors. Additionally, Góngora-Echeverría et al. [89] proposed that microbial bioremediation can be used to successfully detoxify toxic pesticide residues that have accumulated in the environment. A microbial consortium can degrade multiple types of pesticides in natural habitats. These consortia are more effective at degrading pesticides than single strains. Additionally, some studies have tested the bioremediation capabilities of some natural soil microorganism consortia, while others have isolated microorganisms and then tested the individual capacity of microbes to break down pesticides [90,91,92].



From the obtained results, the most superior pesticide degraders were as follows: Pseudomonas aeruginosa KZFS4 individually gave the highest growth in all pesticides from 1.542 to 1.701 O.D. (600 nm), and the consortium (no.3) showed the highest capacities to utilize these carbon sources used in this study and mineralize them to CO2, H2O, and biomass from 2.119 to 2.365 O.D. (600 nm), and these bacteria strains provided themselves as pesticide degraders. These findings are consistent with the results reported by Randika et al. [88] and Naphade et al. [93]. It has been reported that various soil bacterial strains with pesticide detoxification abilities have been identified and successfully used in the bioremediation of pesticide-contaminated sites. Several studies have been conducted in this field all over the world. Some soil bacteria with bioremediation potential, such as Pseudomonas aeruginosa, can degrade chlorpyrifos, cypermethrin, endosulfan, and other pesticides. Pseudomonas species can degrade neonicotinoids [19,94].



The bacterial growth of the tested strains, six bacterial strains as well as the consortium (no. 3), used in this study, as affected by the type of other different pesticide groups 2 (Profenofos, Cypermethrin, Carbofuran, and Malathion) 100 mg/L as a carbon source in MSM, was also representing in Table 6. The data show that all the tested bacterial strains could metabolize all the tested pesticides but at different degradation rates, as indicated by the values of their optical densities owing to their growth. The turbidity values of bacteria on Profenofos and Cypermethrin were (1.133–2.122) and (1.244–2.222), respectively, while on Carbofuran and Malathion, they were (1.219–2.324) and (1.131–2.311), respectively.



Similar results were asserted regarding the efficient degradation of pesticides by the tested bacteria. The most well-known natural isolates capable of degrading organophosphates are Pseudomonas diminuta MG and Flavobacterium ATCC 27551 [95,96]. Profenofos is a common organophosphate pesticide [97]. Since there is intense rivalry among microorganisms for carbon sources in the environment and this bacterium uses profenofos as an energy source, this gives it a significant advantage in the biodegradation of pesticides by adding them to contaminated soil [96]. Furthermore, Ghani et al. [98] stated that using profenofos-degrading bacterial strains with growth-promoting properties on tomato plants can significantly boost growth, break down the profenofos, and reduce the toxic effects of profenofos in pesticide stress conditions.



As previously stated, only the Pseudomonas aeruginosa KZFS4 (LC599404.1) strain had the greatest ability to metabolize and utilize this group 2 compound. Based on these results, it could be deduced that these six bacterial strains have a high ability to utilize a diverse range of pesticide residues. These findings are in line with that of Kadhim et al. [99], who demonstrated that the efficiency of malathion biodegradation is higher in consortia than in individual bacterial isolates. Consortia degraded Malathion at a rate of 98.32%. However, used individual bacterial cultures by Kadhim et al. [99] reported that the ability of bacterial isolates to biodegrade malathion was examined using 2.0 mL of each isolate’s active culture per 100 mL of MSM containing 500 mg/L of malathion. For 10 days, the test system was incubated. Malathion monoculture was broken down by Pseudomonas putida and Staphylococcus vitulinus at a rate of 47.18% and 44.24%, respectively.



Future studies must clarify other factors affecting the capability and efficiency of pesticide biodegradation, such as nutrients, oxygen content, and the physical state of pesticides in the field under realistic conditions, to improve these bacteria’s viability as potential commercials. On the other hand, more research is also needed from an economic point of view to find ways to reuse biopesticides in this work.





4. Conclusions


The findings of this study indicate that consortia can bio-degrade and metabolize some diamide insecticides and other pesticides. Six different bacterial strains with the potential for degradation of diamide pesticides were identified, and strain P. aeruginosa KZFS4 has the maximum potential to degrade the diamide pesticides, which was identified as Pseudomonas aeruginosa KZFS4 by 16S rRNA sequence analysis. The optimum conditions for biodegradation of CAP-FBD mixture using the six bacterial strains of this study at 50 mg/L concentration were pH (7.0), temperature (30–35 °C), salinity (0.0–0.5% NaCl), and incubation time (11 days) were suitable for the majority of tested bacterial strains, and these parameters with these bacterial strains would be applicable in the bioremediation process as a final goal on an industrial scale and with pesticide spills. Pseudomonas aeruginosa KZFS4 could be the strong isolate that could help break down diamides found in different environments. An active consortium (no.3) was selected, which had shown strong degrading activity rates on the diamide insecticides and other pesticides and thus could be a promising inoculum candidate.
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Figure 1. Neighbor-joining tree showing the phylogenetic relationships between four Bacillus strains, pseudomonas, and Alcaligenes, and the type strains based on 16S rRNA gene sequences. The numbers at the branch nodes are bootstrap percentages (100 replicates), and the bar indicates a 0.5% sequence. 
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Figure 2. Bacterial growth of the tested six bacterial strains on MS broth with FBD-CAP. Mixture 50 mg/L, (A) effect of temperature, (B) effect of initial pH, (C) effect of salinity, and (D) effect of incubation period. Means and standard deviations of three replicates. Different letters on top of the bar indicate significant differences (p < 0.05). 
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Table 1. Physico-chemical analyses of soils used for CO2 production experiments.






Table 1. Physico-chemical analyses of soils used for CO2 production experiments.









	Characters
	Values





	Physical analysis
	



	Clay%
	12.1



	Silt%
	10.9



	Sand%
	77.0



	Textural class
	Sandy loam



	CaCO3 (g kg−1)
	11.5



	Chemical analysis
	



	pH (1:2.5 at 25 °C)
	8.09



	EC dSm−1 (1:5 at 25 °C) *
	0.52



	Na+
	0.30



	K+
	1.30



	Ca2+
	1.60



	Mg2+
	2.22



	CO32−
	Nil



	HCO3
	2.30



	Cl−
	0.66



	SO42−
	2.44



	Organic matter (g kg−1)
	9.40



	Available nutrients (mg kg−1 soil)
	



	N
	60.50



	P
	18.6



	K
	90.5







* EC, Electrical conductivity.
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Table 2. Morphological, physiological, and biochemical characteristics of the selected six active pesticide-degrading bacterial isolates.






Table 2. Morphological, physiological, and biochemical characteristics of the selected six active pesticide-degrading bacterial isolates.





	Isolates Code
	AZFS3
	AZFS5
	AZFS15
	AZFS18
	KZFS4
	KZFS11





	1-Gram reaction
	+
	+
	+
	+
	−
	−



	2-Cell shape
	L-Rod
	L-Rod
	L-Rod
	L-Rod
	S-rod
	S-rod



	3-Motility
	+
	+
	+
	−
	+
	+



	4-Spore formation
	+
	+
	+
	NO
	-
	−



	5-Oxygen requirement

Aerobic growth

Anaerobic growth
	 

+

−
	 

+

−
	 

+

−
	 

+

+/−
	 

+

−
	 

+

−



	6-Voges-proskauer
	+
	+
	+
	+
	−
	−



	7-Catalase reaction
	+
	+
	+
	−
	+
	+



	8-Oxidase reaction
	−
	+
	+
	−
	+
	+



	9-Urease
	−
	−
	−
	−
	−
	−



	10-Nitrate reduction
	+
	−
	+
	+
	+
	+



	11-Uitlization of

• Citrate

• Propionate
	 

+

−
	 

+

−
	 

+

−
	 

+

+
	 

+

ND
	 

−

−



	12-Hydrolysis of

-Casein

-Gelatin

-Starch
	 

+

+

+
	 

+

+

−
	 

ND

+
	 

+

+

+
	 

ND

+

ND
	 

−

−

−



	13-Growth in media with

• 0% NaCl

• 2% NaCl

• 5% NaCl

• −7% NaCl

• −10% NaCl
	 

+

+

+

+

ND
	 

+

+

+

+

+
	 

+

+

+

+

+
	 

+

+

+

+

+
	 

+

+

+

−

−
	 

+

+

+

+

+



	14-Growth at pH

• 5.0

• 6.0

• 7.0

• 8.0

• 9.0

• 10.0
	 

+

+

+

+

+

−
	 

+

+

+

+

+

−
	 

+

+

+

+

+

−
	 

+

+

+

+

+

−
	 

+

+

+

+

+

−
	 

−

+

+

+

−



	15-Growth at

• 20 °C

• 30 °C

• 40 °C

• 50 °C

• 60 °C
	 

+

+

+

−−
	 

+

+

+

−−
	 

+

+

+

+
	 

+

+

+

−−
	 

+

+

+

−−
	 

+

+

+

−−



	16-Acid production from

(1) L-Arabinose

(2) D-Glucose

(3) Glycogen

(4) D-Mannitol

(5) D-Mannose

(6) L-Rhamnose

(7) Starch

(8) D-Xylose

(9) Trehalose

(10) Inulin
	 

+

+

+

+

+

−+

+

+

−
	 

+

+

+

+

+

−
	 

+

+

ND

+

+

+

ND

+

+

ND
	 

+

+

+

+

d

+

+

−
	 

−+

ND

+

−
	 

+

+

+

−ND

+

ND

ND

ND

ND







(+): Positive results, (−): Negative results, NO: Not Observed, ND: Not Detected, d: 11–89% of strains are positive.
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Table 3. Classification results are rated to Bruker Daltonik MALDI Biotyper.
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	No.
	Isolate Code
	Analyte Name
	Organism (Best Match)
	Score Value





	1
	AZFS3
	C1 (+++)
	Bacillus subtilis subsp. subtilis DSM10
	2.121



	2
	AZFS5
	C2 (+++)
	Bacillus pumilus BB08-1
	2.332



	3
	AZFS15
	C3 (++)
	Bacillus mojavensis DSM 9205
	2.141



	4
	KZFS18
	C6 (+++)
	Bacillus paramycoides BY9
	2.323



	5
	KZFS4
	C4 (++)
	Pseudomonas aeruginosa F1
	2.129



	6
	KZFS11
	C5 (++)
	Alcaligenes aquatilis QD168
	2.120







A (+++), B (++).
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Table 4. Results of identification processes due to analysis of 16S rRNA gene sequencing of four Bacillus strains, Alcaligenes, and Pseudomonas strains isolated from soil contaminated with pesticides.
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Source of Soil

	
ID Sample

	
Name of Strain

	
Accessions Numbers

	
Identity (%)






	
AZF

	
AZFS3

	
Bacillus subtilis subsp. subtilis AZFS3

	
LC599401.1

	
100




	
AZFS5

	
Bacillus pumilus AZFS5

	
LC599402.1

	
100




	
AZFS15

	
Bacillus mojavensis AZFS15

	
LC599403.1

	
100




	
AZFS18

	
Bacillus paramycoides AZFS18

	
LC599406.1

	
100




	
KZF

	
KZFS4

	
Pseudomonas aeruginosa KZFS4

	
LC599404.1

	
100




	
KZFS11

	
Alcaligenes aquatilis KZFS11

	
LC599405.1

	
100
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Table 5. Carbon dioxide evaluation (mg CO2/100 g.d. wt. soil.) from sandy loam soil treated with FBD-CAP mixture at (10 mg/kg) as affected by inoculation with the highest microbial active pesticide degraders.
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Bacterial Strain

	
Incubation at 28 °C for 16 Days




	
3 Days

	
7 Days

	
11 Days

	
16 Days

	
mg CO2/16 Day

	
% ***




	
T. *

	
FBD-CAP **

	
T.

	
FBD-CAP

	
T.

	
FBD-CAP

	
T.

	
FBD-CAP

	
T.

	
FBD-CAP

	
FBD-CAP






	
AZFS3 1

	
10.103 i

	
0.202 i

	
14.443 e

	
0.388 e

	
8.021 e

	
0.210 e

	
1.101 a

	
0.101 f

	
33.668 e

	
0.901 e

	
57.7




	
AZFS5 2

	
11.231 h

	
0.244 h

	
13.571 f

	
0.368 f

	
6.401 f

	
0.129 f

	
0.202 e

	
0.122 c

	
31.405 f

	
0.863 g

	
55.4




	
AZFS15 3

	
15.525 f

	
0.301 f

	
8.122 i

	
0.265 i

	
5.111 i

	
0.115 i

	
0.233 b

	
0.129 a

	
28.991 i

	
0.810 i

	
51.9




	
AZFS18 4

	
14.362 g

	
0.298 g

	
10.703 g

	
0.299 g

	
5.959 h

	
0.121 h

	
0.229 d

	
0.121 d

	
31.253 h

	
0.839 h

	
53.8




	
KZFS4 5

	
19.125 d

	
0.481 d

	
17.021 d

	
0.404 d

	
10.005 c

	
0.230 g

	
0.201 f

	
0.111 e

	
46.352 d

	
1.226 d

	
78.6




	
KZFS11 6

	
16.212 e

	
0.322 e

	
8.613 h

	
0.277 h

	
6.213 g

	
0.122 f

	
0.231 c

	
0.123 b

	
31.269 g

	
0.844 f

	
54




	
Consortia (No.1) 7

	
22.125 c

	
0.665 c

	
20.021 c

	
0.499 c

	
9.005 d

	
0.225 c

	
0.011 h

	
0.008 h

	
51.162 c

	
1.397 c

	
89.6




	
Consortia (No.2) 8

	
25.125 b

	
0.688 b

	
22.021 b

	
0.515 b

	
10.006 b

	
0.231 b

	
0.044 g

	
0.012 g

	
57.195 b

	
1.446 b

	
92.8




	
Consortia (No.3) 9

	
29.891 a

	
0.712 a

	
23.912 a

	
0.535 a

	
16.218 a

	
0.306 a

	
0.0

	
0.0

	
70.021 a

	
1.553 a

	
99.6








* T. Total CO2 production during 3, 7, 11, and 16 days, ** CO2 production from FBD-CAP degradation, ***, percent of degradation FBD-CAP mixture after 16 days (Total CO2 production from FBD-CAP at 10 mg/L (1 mg/100 g) was 1.559). (1–6) six bacterial strains, 7 consortia (No.1) 2 short rods, 8 consortia (No.2) 4 Bacillus, 9 consortia (No.6) Mix 6 strains. Different letters represent significant differences (Duncan’s test significant difference test at p < 0.05) among all treatments.
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Table 6. Growth and ability of the selected six bacterial strains and consortium (no.3), to use some diamide pesticides and other different pesticides (100 mg/L) in Mineral Salt Medium (MSM) at 35 °C.
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Bacterial Strains

	
Various Pesticides Types




	
Bacterial Growth (O.D. 600 nm)




	
Diamide Pesticide Group (1)

	
Other Different Pesticides Group (2)




	
FBD-CAP *

	
FBD

	
CAP

	
PFS

	
CYP

	
CFN

	
MLN






	
Bacillus subtilis subsp. subtilis AZFS3

	
1.300 e

	
1.320 e

	
1.31 e

	
1.33 c

	
1.251 f

	
1.219 g

	
1.321 e




	
Bacillus pumilus AZFS5

	
1.233 f

	
1.306 f

	
1.356 d

	
1.133 g

	
1.244 g

	
1.333 e

	
1.245 f




	
Bacillus mojavensis AZFS15

	
1.366 d

	
1.359 d

	
1.300 f

	
1.301 e

	
1.356 e

	
1.367 d

	
1.131 g




	
Bacillus paramycoides AZFS18

	
1.300 e

	
1.216 g

	
1.311 e

	
1.260 f

	
1.359 d

	
1.300 f

	
1.329 d




	
Pseudomonas aeruginosa KZFS4

	
1.610 b

	
1.701 b

	
1.601 b

	
1.599 b

	
1.542 b

	
1.621 b

	
1.701 b




	
Alcaligenes aquatilis KZFS11

	
1.521 c

	
1.455 c

	
1.483 c

	
1.322 d

	
1.479 c

	
1.433 c

	
1.494 c




	
Consortium (No.3)

	
2.365 a

	
2.119 a

	
2.234 a

	
2.122 a

	
2.222 a

	
2.324 a

	
2.311 a








* Different letters represent significant differences (Duncan’s test significant difference test at p < 0.05) among all treatments. * FBD-CAP chlorantraniliprole and flubendiamide mixture, CAP = chlorantraniliprole, PFS = Profenofos, CYP = Cypermethrin, CFN = Carbofuran, and MLN = Malathion.
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