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 ABSTRACT: The widely used insecticide fenpropathrin in agriculture has become a public concern because of its heavy environmental contamination and toxic eﬀects on mammals, yet little is known about the kinetic and metabolic behaviors of this pesticide. This study reports the degradation kinetics and metabolic pathway of fenpropathrin in Bacillus sp. DG-02, previously isolated from the pyrethroid-manufacturing wastewater treatment system. Up to 93.3% of 50 mg L−1 fenpropathrin was degraded by Bacillus sp. DG-02 within 72 h, and the degradation rate parameters qmax, Ks, and Ki were determined to be 0.05 h−1, 9.0 mg L−1, and 694.8 mg L−1, respectively. Analysis of the degradation products by gas chromatography−mass spectrometry led to identiﬁcation of seven metabolites of fenpropathrin, which suggest that fenpropathrin could be degraded ﬁrst by cleavage of its carboxylester linkage and diaryl bond, followed by degradation of the aromatic ring and subsequent metabolism. In addition to degradation of fenpropathrin, this strain was also found to be capable of degrading a wide range of synthetic pyrethroids including deltamethrin, λ-cyhalothrin, β-cypermethrin, β-cyﬂuthrin, bifenthrin, and permethrin, which are also widely used insecticides with environmental contamination problems with the degradation process following the ﬁrst-order kinetic model. Bioaugmentation of fenpropathrin-contaminated soils with strain DG-02 signiﬁcantly enhanced the disappearance rate of fenpropathrin, and its half-life was sharply reduced in the soils. Taken together, these results depict the biodegradation mechanisms of fenpropathrin and also highlight the promising potentials of Bacillus sp. DG-02 in bioremediation of pyrethroidcontaminated soils. KEYWORDS: Bacillus sp. DG-02, fenpropathrin, bioremediation, metabolites, biodegradation pathway, kinetics
 
 ■
 
 INTRODUCTION Synthetic pyrethroids (SPs) are the chemical analogues of pyrethrins, which are natural chemicals derived from the ﬂowers of Chrysanthemum cinerariaefolium.1 The usage of SPs has been increasing steadily over the past two decades, and these insectcides have now become one of the most widely used classes of pesticides.2 Especially with the ban or restricted use of organophosphates in more and more countries, SPs have generally been regarded as the suitable replacement, and their commercial production and usage are anticipated to be further increased.3 Currently, they are the dominant insecticides,4 contributing to >25% of worldwide insecticide sales.5 Most pyrethroids contain cyclopropanecarboxylic acid moieties (or an equivalent group) linked to aromatic alcohols through a central ester (or ether) bond (Figure 1). Fenpropathrin [α-cyano-3-phenoxybenzyl 2,2,3,3-tetramethylcyclopropanecarboxylate] is one of the most popular SPs, used for the control of a broad spectrum of insect pests.6 However, a consequence of the increased use of this insecticide is widespread environmental pollution problems, leading to serious damages to nontarget organisms.7,8 Recent studies showed that fenpropathrin was detected in nearly all tested agricultural and residential runoﬀ samples.3,4,9−11 Such a © 2014 American Chemical Society
 
 widespread environmental contamination situation also increases the potential of human exposure to the insecticide.12−16 Although SPs are considered safer than organophosphorous insecticides, evidence is accumulating that developmental exposure to fenpropathrin may cause severe toxic eﬀects on human beings, including reproductive damages, neurotoxicity, immunotoxicity, endocrine disruption, and carcinogenesis.17−20 Furthermore, fenpropathrin is also highly toxic to ﬁsh and invertebrates.21 Thus, eﬀective measures for reducing this contamination problem are critically needed to ensure that human health and environmental sustainability will not be compromised by the continued use of fenpropathrin. Microorganism-based bioremediation is the most promising and eﬃcient strategy for removal of environmental pollutants compared to the conventional physicochemical methods such as photodecomposition, fenton degradation, ozonation, and adsorption, which are known for high operating cost and low eﬃciency.22−24 There is a growing body of evidence that Received: Revised: Accepted: Published: 2147
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 Figure 1. Molecular structures of SPs. concentration of 10 g L−1, and stored in dark bottles at 4 °C prior to use. The stock solutions were sterilized by membrane ﬁltration and rationed into medium to get the desired concentrations. At high concentrations, polysorbate 80 was used as emulsiﬁer to disperse the possible precipitate in the liquid medium. All other chemicals and solvents used in this study were of analytical grade. Bacterium Used in This Study. The mineral salt medium (MSM) containing (g L−1) (NH4)2SO4, 2; MgSO4·7H2O, 0.2; CaCl2·2H2O, 0.01; FeSO4·7H2O, 0.001, Na2HPO4·12H2O, 1.5; and KH2PO4, 1.5, was used for the isolation of potential degrading strains. The ﬁnal pH was adjusted to 7.5. The bacterial strain DG-02, which was deposited in the China Center for Type Culture Collection (collection no. CCTCC M 20111382), was isolated from a pyrethroid-manufacturing wastewater treatment system using an enrichment culture technique.34 In this study, the bacterium was further identiﬁed by API 50 CHB systems (bioMérieux Inc., France) according to the instructions of the manufacturer. Inoculum Preparation. The bacterial strain was stored in 15% glycerol at −80 °C. Before each experiment the strain was thawed and grown in 250 mL Erlenmeyer ﬂasks containing 50 mL of sterile Luria− Bertani (LB) medium (containing tryptone, 10 g L−1; yeast extract, 5 g L−1; NaCl, 10 g L−1). At 30 °C, the ﬂasks were placed on a platform shaker at 180g. The bacterial cells in the late-exponential growth phase were harvested by centrifugation (5 min, 4000g) at 4 °C and washed twice in 0.9% normal saline (N-saline) before inoculation. Unless otherwise stated, the densities of strain DG-02 were adjusted with sterile N-saline to approximately 1.0 × 108 colony-forming units (CFU) mL−1. One percent of this suspension was used as the inocula for the subsequent studies. Growth and Degradation Experiments. For the growth and degradation experiments, triplicate cultures were grown in MSM supplemented with 50 mg L−1 of fenpropathrin as the sole carbon source at 30 °C and 180g on a rotary shaker. A noninoculated culture served as a control. Samples were collected periodically from the cultures. The bacterial growth was monitored by counting the CFU per liter of serial dilutions, and the amount of residual fenpropathrin was determined by high-performance liquid chromatography (HPLC) as described below.
 
 xenobiotic compounds can be successfully eliminated by diverse microorganisms belonging to diﬀerent taxonomic groups.25−29 Recently, Cycoń et al.24 reported that Bacillus sp. TDS-2 isolated from sandy soil successfully removed thiophanatemethyl (100 mg kg−1) from soils within 24 days. Chen et al.26 reported that about 80% of the initial dose of β-cypermethrin (50 mg kg−1) was removed from the sterilized soils by Streptomyces aureus HP-S-01 within 10 days. A few bacterial species, including Sphingobium sp. JZ-2,30 Sphingobium sp. JQL4-5,31 Clostridium sp. ZP3,32 and Ochrobactrum trtici pyd1,33 have been reported for the degradation of fenpropathrin. However, these isolates commonly degraded only a couple of pyrethroid insecticides, which may limit their use in bioremediation as various regions are usually contaminated by multiple pyrethroid compounds.3,4,9−11 Furthermore, little is known about the biodegradation pathway and catalytic mechanisms of fenpropathrin. In our previous study, Bacillus sp. DG-02 was isolated from the pyrethroid-manufacturing wastewater treatment system.34 In the present study, we demonstrated that strain DG-02 was capable of degrading not only fenpropathrin but also other related SPs. The aims of this study were to investigate the biodegradation kinetics and to determine the bacterial metabolic products of fenpropathrin. Finally, our ﬁndings highlight the promising potentials and advantages of Bacillus sp. DG-02 for bioremediation of pyrethroid-contaminated environments.
 
 ■
 
 MATERIALS AND METHODS
 
 Chemicals. Deltamethrin (98%), fenpropathrin (93%), λ-cyhalothrin (95%), β-cypermethrin (94.8%), β-cyﬂuthrin (95%), bifenthrin (98%), and permethrin (95%) were obtained from Zhongshan Aestar Fine Chemical Inc., Ltd., China. The chromatographic grade acetonitrile were purchased from Sigma-Aldrich, USA. The chemicals were dissolved in dimethyl sulfoxide (DMSO) or acetone at a stock 2148
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 Figure 2. Degradation and utilization of fenpropathrin (50 mg L−1) during growth of strain DG-02: (□) fenpropathrin control; (■) fenpropathrin degradation by strain DG-02; (▲) cell growth. Error bars indicate the standard deviation of three replicates. The mineral salt media containing diﬀerent ﬁnal concentrations of fenpropathrin (25, 50, 100, 200, 400, 600, 800, 1000, and 1200 mg L−1) were inoculated respectively with strain DG-02 and incubated at 30 °C and 180g on a rotary shaker. Each treatment was performed in triplicate, and fenpropathrin residues were measured at an interval of 12 h. Identiﬁcation of Metabolites during Fenpropathrin Degradation. The metabolic products of fenpropathrin in cell-free ﬁltrates of strain DG-02 cultures containing diﬀerent concentrations of fenpropathrin (50, 100, and 200 mg L−1) were extracted and identiﬁed by gas chromatopraphy−mass spectrometry (GC-MS) (Agilent 6890N/5975, USA). The cell-free ﬁltrates were taken at an interval of 12 h. The same bacterial culture supernatants lacking fenpropathrin were used as a negative control, and noninoculated control containing the same amount of fenpropathrin was included as well. The metabolites were extracted with ethyl acetate from the cell-free ﬁltrates after acidiﬁcation to pH 2 with 2 M HCl. The organic layer was dehydrated, dried, and redissolved in methanol.30,35 After ﬁltration with a 0.45 μm membrane (Millipore, USA), the samples were subjected to GC-MS as described below. The metabolites identiﬁed by mass spectrometry analysis were matched with authentic standard compounds from the National Institute of Standards and Technology (NIST, USA) library database. Degradation Kinetics of Various SPs. To determine its ability to degrade various SPs, strain DG-02 was inoculated into fresh MSM supplemented with 50 mg L−1 deltamethrin, λ-cyhalothrin, βcypermethrin, β-cyﬂuthrin, bifenthrin, and permethrin, respectively. Triplicate cultures were grown in MSM at 30 °C. Degradation measurements were carried out periodically as described above. Biodegradation of Fenpropathrin in Soils. The soil samples were collected from the top 0−20 cm from a farm in South China Agricultural University, Guangzhou, southern China, that had never been treated with fenpropathrin or organic and inorganic fertilizers. The detailed physicochemical properties of the soils were (g kg−1 of dry weight): organic matter, 10.5; total N, 0.5; total P, 0.4; total K, 18.2; and pH, 6.9. The soils have a sandy loam texture (sand, 65.0%; silt, 28.0%; clay, 7.0%).34 In the laboratory, the soils were gently airdried to the point of soil moisture suitable for sieving. After sieving to a maximum particle size of
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