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Little is known about whether the application of biogas residues in rice fields will affect the degradation of pesticides. This study investigated the dissipation behavior of the fungicide difenoconazole in paddy water and sediment after the application of a chemical fertilizer or biogas residues. The results showed that the application of biogas residues changes the dissipation of difenoconazole in both paddy water and sediment. The half-lives of difenoconazole in paddy water and sediment with biogas residues were 0.50 and 10.09 days, respectively, while the half-lives of difenoconazole in paddy water and sediment with chemical fertilizer were only 0.22 and 4.64 days, respectively. After biogas residues were applied in a paddy field, no significant changes in pH value of paddy water and sediment and soil microorganisms were observed, but soil organic matter decreased by 30%. The above studies suggest that biogas residues may affect the dissipation of pesticides in paddy field water and sediments, which provides a new focus on the scientific and rational use of biogas residues as organic fertilizer in rice fields.
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INTRODUCTION
Pesticides are routinely used in integrated farm management programs to reduce possible losses. Pesticides undergo transformations in the environment when applied to crops. Despite beneficial effects on the global food supply and in maximizing the economic gain from agricultural activities, the use of pesticides can also cause environmental problems (Morrissey et al., 2015; Barron et al., 2017; Della Rossa et al., 2017; Souza et al., 2019). These persistent agrochemicals often cause health hazards to nontarget organisms, including animals and humans.
Azoles are versatile fungicides widely used to control fungal infestations in crops. Triazole fungicides are commonly used in agricultural systems against the main diseases of crops (Zubrod et al., 2019). Difenoconazole, the second molecule of triazole fungicide family to be released in the market, was developed by Switzerland Syngenta Corporation (Chowdhary and Meis, 2018). As a systemic sterol demethylation inhibitor (DMI), difenoconazole has a high ability to interfere with the mycelial growth and inhibit the spore germination of pathogens that ultimately results in inhibiting fungal growth. Difenoconazole is extensively used in a wide range of crops in many countries for its good control of various fungal diseases (Wang et al., 2008). However, the strong hydrophobicity and high bioaccumulation of difenoconazole may lead to undesirable side effects on ecological environment and human health (Chen et al., 2021b). Difenoconazole has been identified to show high toxicity to aquatic organisms such as Daphnia magna (Reproduction NOEC = 0.0056 mg a.s./L) according to the European Food Safety Authority (EFSA, 2011). Our previous study with zebrafish indicated that difenoconazole was able to cause hatching inhibition, abnormal spontaneous movement, slow heart rate, growth regression, and morphological deformities (Mu et al., 2013). Difenoconazole has been used as the main fungicide to control rice diseases for many years, which has a greater opportunity to contact and contaminate the water environment. Therefore, it has become important to check the dissipation behavior of difenoconazole in a paddy field environment.
Previous studies have investigated the dissipation of difenoconazole in rice, paddy water, and sediment (Wang et al., 2012). Considering that pesticide dissipation behavior in the open field is usually related to soil properties and microorganisms in the soil, the influence of different fertilizers on the dissipation dynamics of difenoconazole remains to be further investigated. Anaerobic digestion (AD) has been widely applied in the treatment of various wastes because of its ability to degrade organic solid wastes and generate biogas as renewable energy (de França et al., 2021; Tayibi et al., 2021). As a byproduct of AD, biogas residues is rich in nitrogen, phosphorus, and organic matter and could be used as organic fertilizer (Terhoeven-Urselmans et al., 2009; Tambone et al., 2010; Liu et al., 2011; Ohdoi et al., 2013; Riva et al., 2016; Abelenda et al., 2021), which can sustainably replace inorganic fertilizer (Akhiar et al., 2017; Sigurnjak et al., 2017). Many studies have been carried out to investigate biogas residues as an alternative to chemical fertilizer to improve paddy soil fertility (Ohdoi et al., 2013). The effect of biogas residue application on soil properties has been widely reported in the literature (Odlare et al., 2014; de França et al., 2021; Jurgutis et al., 2021). Therefore, it is of great significance to investigate the influence of biogas residue application on the dissipation dynamics of pesticides in paddy fields.
The present study was performed in open rice fields in Guangze, Fujian Province, China. The purpose was to investigate the effect of biogas residues on the dissipation behavior of difenoconazole in paddy fields.
MATERIALS AND METHODS
Chemical material
Difenoconazole (25%) emulsifiable concentrate (EC) and difenoconazole stock standard solutions of 100 mg/L in acetone were supplied by the College of Science, China Agricultural University.
Biogas residues and chemical fertilizer
Biogas residues were produced during the anaerobic digestion from a biogas plant fed with pig dung, which is located in Guangze, Fujian Province, China. The basic properties of biogas residues from biogas plant fed with pig dung are shown in Table 1.
TABLE 1 | The basic properties of biogas residues from pig biogas plant Unit: mg/L.
[image: Table 1]Field experiment
Field experiments were performed in Guangze, Fujian Province, China, in 2020. Two different treatments were chemical fertilizer treatment and biogas residue treatment (biogas residue total nitrogen input was 153.75 kg/ha equivalent to chemical fertilizer). Nitrogen input was 97.5 kg/ha before rice transplanting on June 1, 2020, and nitrogen input was 56.25 kg/ha after manuring on July 7, 2020, both with chemical fertilizer treatment and biogas residue treatment. Nitrogen content of chemical fertilizer is about 12%; therefore, rice transplantation was made, and after manuring, chemical fertilizer input was 813 and 469.5 kg/ha, separately. Nitrogen content of biogas residues is about 0.04%; therefore, after rice transplantation and manuring, biogas residue input was 243.75 and 139.09 t/ha, separately. The total experiment plot was 300 m2 (Each plot was 50 m2, and chemical fertilizer treatment and biogas residues treatment were repeated three times, respectively). A buffer area of 50 m2 was used to separate the plots of different treatments.
Difenoconazole EC (25%) was sprayed evenly in the above two experiment plots using a SeeSa SX-MD16E-2 backpack sprayer at an active ingredient dose of 45 g a.i./ha. Paddy sediment was collected randomly using a sealing bag from the bottom mud surface to measure difenoconazole concentration. Paddy water was collected randomly using plastic bottles and then mixed in plastic containers to measure difenoconazole concentration. Paddy water and sediment samples were collected from each plot at 2 h (August 31, 2020), 1 day ( September 1, 2020), 3 days ( September 3, 2020), 7 days ( September 7, 2020), 14 days (September 12, 2020), and 21 days (September 21, 2020) after difenoconazole application. Paddy soil was collected randomly using a soil auger to a depth of 10 cm from the land surface to measure pH value and soil organic matter, and soil microorganisms and soil samples were collected from each plot on May 24 and October 26, 2020. Five sediment, water, and soil samples were taken from each plot. All samples were stored at −20°C until analyzed within 1 month.
Preparation of water sample
Water sample (5 ml) was transferred into a 50-ml centrifuge tube, and 10 ml of ethyl acetate was added. The solution was vortexed for 2 min and subsequently centrifuged at 4,000 r/min for 5 min. The supernatant ethyl acetate layer was transferred into a 50-ml heart-shaped bottle. Ethyl acetate (10 ml) was added to the water sample again, and the above extraction operation was repeated once. The supernatant ethyl acetate in the heart-shaped bottle was vacuum evaporated to dryness. The residue was then dissolved with 1 ml of acetonitrile and then filtered through a 0.22-μm membrane filter into an autosampler vial and analyzed by LC–MS.
Preparation of sediment sample
Homogenized sediment sample (2 g) was transferred into a 50-ml centrifuge tube, and then 5 ml of HPLC-grade water and 10 ml of ethyl acetate were added. Further preparation of these samples was the same as for the water samples described above.
Apparatus
All samples were detected by LC-MS/MS of Shimadzu. The ion source was electrospray ionization (ESI), and Agilent POROSHELL 120EC-C18 (2.7 μm × 2.1 mm × 50 mm) was employed at room temperature. The flow rate of acetonitrile/H2O (0.1%HCOOH) = 70/30 (V/V) was 0.2 ml·min−1. Selected multiple reaction monitoring (MRM) as the detection mode in triple-quadrupole mass spectrometry. The relevant parameters and the limit of detection of this method are shown in Table 2.
TABLE 2 | Mass spectrometric parameters.
[image: Table 2]Measurement of pH value, soil organic matter, and soil microorganisms
The pH of paddy water was measured directly using a calibrated pH meter. The pH of paddy soil is measured according to the following operations: 20 g of naturally dried soil was transferred into a 250-ml Erlenmeyer flask, and 100 ml of deionized water was added. The solution was shaken for 30 min and subsequently placed overnight. The supernatant layer was transferred into a beaker and measured using a calibrated pH meter. The pH measurement of paddy water and soil was repeated three times.
The soil organic matter assay was performed as described. Naturally dried soil (0.5 g) passing a 0.5-mm-diameter sieve was transferred into a glass beaker and 5 ml of K2Cr2O7 (0.8 mol/L) was added. The solution was thoroughly mixed, and 5 ml of concentrated sulfuric acid was added then heated to 185°C–190°C. The solution was kept boiling for 5 min and was made to undergo static cool down. O-phenanthrolin indicator (three to four drops) was added to the cooled solution and titrated with FeSO4 (0.2 mol/L) until the solution turns brown red. The blank test was carried out with silica instead of soil samples.
Soil microorganisms were analyzed using Illumina miseq platform (Chen et al., 2021a). DNA from different samples was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the instructions of the manufacturer. Primers 338F (5′-ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) were designed to amplify the V3–V4 region gene (Fadrosh et al., 2014). PCR amplification was performed in a total volume of 20 µl of reaction mixture containing 10 ng of template DNA, 4 µl of 5*FastPfu buffer, 2 µl of dNTPs (2.5 mM), 0.8 µl of each primer (5 µM), 0.4 µl of FastPfu polymerase, and PCR-grade water to adjust the volume. PCR amplification conditions were 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C (27 cycles) (ABI GeneAmp® 9700).
The PCR products were confirmed with 2% agarose gel electrophoresis. The PCR products were purified by AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified by QuantiFluor™-ST (Promega, USA).
The PE 2*300 library was constructed from purified amplified fragments according to standard operating procedure of Illumina MiSeq (Illumina, San Diego, CA, USA).
In brief: 1) connect the “Y”-shaped joint; 2) remove the self-connecting segment by magnetic bead screening; 3) enrichment of templates by PCR amplification; 4) denature to produce single-stranded DNA fragments by NaOH. Sequencing was performed using Illumina Miseq PE300.
Trimmomatic software was used for quality control of original sequences, and FLASH software was used as a splicing tool: 1) 50 bp was used as the removal criterion, and base back-end sequences with average mass value lower than 20 were subtracted; 2) when sequences on both ends are splicing, the maximum error ratio between overlap is 0.2, and the length should be greater than 10 bp; 3) barcode was accurately matched, and the number of base mismatches of primers was ≤2.
The UPARSE software (version 7.1) http://drive5.com/uparse/ was used for OTU sequence clustering (similarity ≥97%) at the same time removing the single sequence and chimeras. RDP classifier (http://rdp.cme.msu.edu/) was used to make species classification annotation for each sequence and compared with the Silva database (SSU123). The threshold of comparison was 70%.
Statistical analysis
The dissipation of difenoconazole has been generally expressed in terms of DT50, i.e., the time after which 50% of the difenoconazole has disappeared. DT50 values were obtained by fitting first-order kinetics to observe degradation patterns, expressed by the equation: C = C0 e−kt, where C is the chemical concentration at time t (d), C0 is the initial concentration, and k is the first-order rate constant (d−1), which is independent of C and C0. The DT50 of difenoconazole was calculated using Hoskins formula (DT50 = ln2 k−1) for each location (Hoskins, 1961).
Soil organic matter (%) = [(V0−V) × C × 0.003 × 1.724 × f]/W × 100%where, C is the molar concentration of FeSO4 (mol/L), V0 is the volume of the FeSO4 solution consumed by the blank test (ml), V is the volume of the FeSO4 solution consumed by the soil sample test (ml), 0.003 is the molar mass of a quarter of a carbon atom (g/mol) and factor of equivalence (1 L/1,000 ml), 1.724 is the empirical coefficient of converting soil organic carbon into soil organic matter, f is the oxidation correction coefficient (f = 1.1), and W is the dry weight of the tested soil sample (g).
RESULTS
Results of pH, soil organic matter, and soil microorganisms
There was no obvious change in pH of paddy water and sediment before and after fertilizer application with pH around 6.0. However, significant changes in soil organic matter were observed between the two treatment plots with chemical fertilizer and biogas residues. The soil organic matter decreased by 29% in the chemical fertilizer treatment plot, while a higher reduction rate of 34.8% in the soil organic matter was observed in biogas residue treatment plot (Figure 1), indicating that under nitrogen equivalent condition, the application of chemical fertilizer contains more phosphorus and potassium to preserve soil fertility, while there is less nutrient content in biogas residues, and the paddy rice absorbed more from the soil, leading to more decrease in organic matter in biogas residue treatment. Zhang (2017) indicated that fertilizers provide nutrients for agriculture system and increase soil fertility.
[image: Figure 1]FIGURE 1 | Paddy soil organic matter reduction rate. Error bar is S.D. (N = 3). Different lowercase letters denote significant differences (p < 0.05), analyzed by ANOVA followed by Duncan multiple comparison test.
There was also a slight difference in the species of soil microorganisms between the two treatment plots (Figure 2). The main dominant phyla were Proteobacteria, Chloroflexi, Acidobacteriota, and Actinobacteriota, indicating that the application of biogas residues has no effect on the diversity of soil microorganisms.
[image: Figure 2]FIGURE 2 | Number of soil microorganisms in paddy soil.
Dissipation of difenoconazole in paddy water and sediment
The results of difenoconazole dissipation in paddy water are shown in Figure 3. The initial concentrations of difenoconazole were 3.177 μg/L in chemical fertilizer treatment plot and 2.575 μg/L in biogas residue treatment plot, respectively. The dissipation dynamics of difenoconazole in paddy water could be described by the first-order kinetic equation: C = 3.1770e−3.1915t (chemical fertilizer treatment plot) and C = 2.5537e−1.3868t (biogas residue treatment plot), respectively. The dissipation half-life (DT50) of difenoconazole calculated from the regression equation was 0.22 day (chemical fertilizer treatment plot) and 0.50 day (biogas residue treatment plot), respectively.
[image: Figure 3]FIGURE 3 | Dissipation of difenoconazole in paddy water. (A) Chemical fertilizer treatment plot. (B) Biogas residue treatment plot. Error bar is S.D. (N = 3). Different lowercase letters denote significant differences (p < 0.05), analyzed by ANOVA followed by Duncan multiple comparison test.
Figure 4 shows the dissipation results for difenoconazole in paddy sediment. The initial residues in sediment were 0.796 μg/kg in chemical fertilizer treatment plot and 2.145 μg/kg in biogas residue treatment plot, respectively. A sharp increase in difenoconazole residue occurred from 2 h to 1 day in both treatment plots. After reaching peak in 1 day, a gradual degradation of difenoconazole was observed in accordance with first-order kinetics. The dissipation dynamics of difenoconazole in paddy soil could be described by the equations: C = 2.4804e−0.1495x (chemical fertilizer treatment plot) and C = 2.9403e−0.0687x (biogas residue treatment plot), respectively. The DT50 of difenoconazole in paddy soil were 4.64 days (chemical fertilizer treatment plot) and 10.09 days (biogas residues treatment plot), respectively.
[image: Figure 4]FIGURE 4 | Dissipation of difenoconazole in paddy sediment. (A) Chemical fertilizer treatment plot. (B) Biogas residue treatment plot. Error bar is S.D. (N = 3). Different lowercase letters denote significant differences (p < 0.05), analyzed by ANOVA followed by Duncan multiple comparison test.
DISCUSSION
As an important agricultural production material, the pesticides benefit a lot in increasing the agricultural production. However, the current pesticide utilization rate in China is only about 40%, and about 60% of pesticides enter the environment (Shuqin and Fang, 2018), which may pose a threat to the ecological environment. Therefore, the rapid degradation of pesticides after entering the environment is very important to environmental safety. The current research on the negative impact of biogas residues on the environment mainly focuses on heavy metal and antibiotic pollution (Pu et al., 2018; Xu et al., 2019; Liu et al., 2020; Tang et al., 2020; He et al., 2021; Lu et al., 2021). Relatively, little is known whether biogas residues have an impact on pesticide degradation after being used as fertilizer in farmland. It has been reported that the application of biogas residues can significantly improve the physical and chemical properties of soil (Zhu et al., 2012; Wang et al., 2016). However, the dissipation behavior of pesticides in the environment is usually related to soil properties, such as pH, soil organic matter, and soil microorganisms. Therefore, the effect of biogas residues applied in farmland on pesticide dissipation behavior needs further investigation.
In the present paper, we investigate the dissipation behavior of the difenoconazole in rice fields applied with chemical fertilizer or biogas residues. Pesticides can be adsorbed and degraded by organic matter that contains microorganisms (Godeau et al., 2021), which makes it more important to investigate the changes in the organic matter and microorganisms, and their roles in the effect of pesticide dissipation. We observed longer DT50 of difenoconazole in paddy sediment and water in rice fields applied with biogas residues than with chemical fertilizers, in accordance with the severe decrease in organic matter after treatment with biogas residues (Figure 1). Although biogas residues did not change the species of microorganisms in paddy sediment (Figure 2), we speculate that biogas residues may affect the degradation ability of soil microorganisms to difenoconazole. Since the ability of soil microorganisms to degrade pesticides is related to the content of organic matter that contains energy and nutrient supplies for microorganisms in soil, which influences the microbial activities (Holatko et al., 2021). The decline in soil organic matter in paddy field with biogas residues may not provide sufficient carbon source and energy for soil microorganisms, resulting in the decline of soil microbial activities, and thus, their ability to degrade difenoconazole is also reduced. Another possibility of longer DT50 of difenoconazole with biogas residues is that slow biodegradation of difenoconazole may occur under certain conditions. In water–sediment systems, slow degradation from the system was reported; half-life is 8 months. Meanwhile, difenoconazole contains chromophores, which may be susceptible to direct photolysis by sunlight (Environmental Abiotic Degradation1). Grain yield with biogas residues is 8,158.05 kg/ha, 7.5% higher than 7,590.6 kg/ha of chemical fertilizers. Moreover, biogas residues contain microelements, such as calcium, magnesium, iron, etc., which help crops grow more flourishing than chemical fertilizers. We observed that rice crops with biogas residues are more flourishing than with chemical fertilizers, which may block the light to impact photodecomposition. Therefore, we speculate that DT50 of difenoconazole is longer with biogas residues than with chemical fertilizers could be photolysis.
CONCLUSION
As organic fertilizer, biogas residues can replace chemical fertilizers to provide nutrients for crops. However, our research found that biogas residues may affect the dissipation of the fungicide difenoconazole in rice fields. Difenoconazole has a longer half-life in paddy water and sediment where biogas residues were applied. This study provides a new focus on the scientific and rational use of biogas residues as organic fertilizer in rice field.
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