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 Characterization of a Novel Butachlor Biodegradation Pathway and Cloning of the Debutoxylase (Dbo) Gene Responsible for Debutoxylation of Butachlor in Bacillus sp. hys‑1 Yang Gao,† Lei Jin,†,§ Hui Shi,§ and Zhangjie Chu*,† †
 
 Zhejiang Ocean University, Zhoushan 316000, China Marine Fishery Research Institute of Zhejiang Province, Zhoushan 316021, China
 
 §
 
 S Supporting Information *
 
 ABSTRACT: Bacillus sp. strain hys-1, which was isolated from active sludge, could degrade >90% butachlor at a concentration of 100 mg/L within 7 days. The present work revealed that strain hys-1 could mineralize butachlor via the following pathway: butachlor was initially metabolized to 2-chloro-N-(2,6-diethylphenyl)-N-methylacetamide by debutoxylation and then transformed to form 2-chloro-N-(2,6-diethylphenyl)acetamide by N-demethylation. Subsequently, it was converted to 2,6diethylaniline and further mineralized into CO2 and H2O. In addition, the catalytic eﬃciency of crude cell extracts descended as follows: alachlor > acetochlor > butachlor. Furthermore, a novel 744 bp gene responsible for transforming butachlor into 2chloro-N-(2,6-diethylphenyl)-N-methylacetamide was cloned from strain hys-1 and the encoding debutoxylase was designated Dbo. Then Dbo was expressed in Escherichia coli BL21 (DE3) and puriﬁed using Ni−nitrilotriacetic acid aﬃnity chromatography. Dbo displayed the highest activity against butachlor at pH 6.5 and 30 °C. Metal ions played an important role in Dbo activity. To the best of the authors’ knowledge, this is the ﬁrst report that strain hys-1 can mineralize butachlor by a novel metabolic mechanism and the ﬁrst identiﬁcation of a gene encoding butachlor debutoxylase. KEYWORDS: butachlor, Bacillus sp. hys-1, mineralization, debutoxylation, Dbo gene, enzyme puriﬁcation
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 INTRODUCTION Chloroacetamide herbicides are a class of eﬃcient preemergence herbicides and widely used for controlling annual grass and broadleaf weeds in cotton, corn, soybean, and other crops.1 The major function of these herbicides is to inhibit the synthesis of protein, lipid, and lignin of weeds.2 The frequently used chloroacetamide herbicides are alachlor, metolachlor, acetochlor, pretilachlor, and butachlor. Because of their widespread use and long persistence, these herbicides and their metabolites have been frequently detected in a wide range of the environment, such as soil, plants, and ground and surface waters.3,4 Furthermore, the residues will consistently injure succeeding crops and especially inﬂuence the crops in sandy soils with low organic matter. More seriously, the pollutant may be a hazard to aquatic organisms5 and human health.6,7 Butachlor, N(butoxymethyl)-2-chloro-N-(2,6-diethylphenyl)acetamide, is one of the top three herbicides used widely in China, and the yearly output reaches 107 kg.8,9 In general, butachlor is removed from the environment mainly via photooxidation, chemical hydrolysis and microbial metabolism.10 However, photooxidation and chemical hydrolysis of butachlor, which occur slowly under natural conditions, are relatively insigniﬁcant to its removal. Microbial degradation is the most important factor that determines the fate of butachlor in the environment11−13 and has received increasing attention in recent years as an inexpensive, eﬀective, and safe approach for cleaning butachlor-contaminated environments. As far as is known, a great majority studies on butachlor biodegradation9,13−16 were focused on investigating the isolation of various bacteria and the metabolism of N-dealkylation. Some © 2015 American Chemical Society
 
 strains capable of degrading butachlor were isolated. Genes involved in N-dealkylation had been cloned and expressed, and synchronously relevant enzymes were also puriﬁed; however, so far, information about butachlor’s complete mineralization remains limited, and the molecular basis for debutoxylation and relevant debutoxylase coding genes involved in biodegradation of butachlor have not been studied. The objective of this study was to investigate the potential use of strain and enzymes for biodegradation of butachlorcontaminated environments. A bacterium capable of degrading butachlor, designated hys-1, was isolated from activated sludge that had been successfully domesticated by adding butachlor for 2 months. Strain hys-1 was identiﬁed on the basis of its morphological and biochemical properties as well as phylogenetic analysis. To probe the degradation mechanism, the metabolites of butachlor in the culture medium were extracted and identiﬁed by HPLC-ESI-MS/MS. Finally, a complete degradation mechanism of butachlor based on degradation intermediates was proposed. Above all, a novel debutoxylase (Dbo) coding gene for butachlor degradation was cloned and expressed in Escherichia coli BL21. Furthermore, Dbo was puriﬁed and characteristics were also investigated. Received: Revised: Accepted: Published: 8381
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 in which X1 is the concentration of butachlor with cells inoculation and X0 is the concentration of butachlor with inactivated cells inoculation. Assays for Enzymatic Activitiy with Crude Cell Extracts. To prepare the crude cell extracts, strain hys-1 was cultured in LB medium with 100 mg/L butachlor to exponential phase in a rotary shaker at 30 °C and 150 rpm. The cells were harvested by centrifugation at 5000g for 10 min (Eppendorf centrifuge 5810R, Germany) at 4 °C. Precipitates were washed twice and resuspended with 20 mM sodium phosphate buﬀer solution (PBS, pH 7.0). Finally, the cell concentration was adjusted to the density of 5.0 (OD600). The cells were then disrupted by sonication (Scientz-IID, Ningbo, China) for 30 min, and cell suspensions were centrifuged at 12000g for 20 min at 4 °C to remove cell debris. After being passed through a cellulose acetate ﬁlter with a pore size of 0.2 mm, the clear supernatants were referred to as crude cell extracts. Protein concentrations of the supernatants were determined by using the Bradford method21 with bovine serum albumin (Sigma) as standard. Enzyme activity of crude cell extracts against butachlor and other tested chloroacetamide herbicides was investigated in this study. Assays were performed by adding 0.5 mL of crude cell extracts to 4.5 mL of 50 mM PBS buﬀer (pH 7.0) containing 1.0 mM NADH and 0.5 mM substrates. The mixtures were incubated at 30 °C for 15 min. The reactions were terminated by adding 0.1 mL of 30% HNO3. Then, the mixtures were centrifuged at 12000g for 15 min at 4 °C. The supernatants were then freeze-dried and redissolved in 1.0 mL of acetonitrile. The samples were ﬁltered through a 0.22 μm Millipore membrane ﬁlter and subjected to HPLC analysis, which was used to determine the substrate concentration. One unit (U) of enzyme activity was deﬁned as the amount of enzyme that consumed 1 μmol of substrate per minute. The speciﬁc activity (U/mg) of enzyme was deﬁned as the consumption of 1 μmol of substrate per minute per milligram of protein. Control experiments without enzyme were also analyzed in parallel, and no spontaneous activity was detected. All experiments were repeated in triplicate. Cloning, Expression, and Sequence Analysis of the Debutoxylase Gene. The Dbo gene was cloned from genomic DNA of strain hys-1 by PCR. Nucleotide sequences of esterase genes reported in the literature22−24 were retrieved from NCBI (http://www.ncbi.nlm.nih. gov), and multiple pairs of primers were designed. Through ﬁnal screening, the primer sequences 5′-ggtcgacatgatgaaattagcatct-3′ and 5′gtcgacttaccaatctagttgctcc-3′ (the underlining indicates the SalI restriction site) were designed for the PCR ampliﬁcation. The PCR product was cloned into the pEASY-T1 (cloning vector). Plasmids were checked for inclusion of the desired insert and subsequently puriﬁed with a UNIQ-10 Gel Extraction Kit. The positive plasmid was subjected to DNA sequencing by SANGON Biotech Co. Ltd. (Shanghai, China). BlastN and BlastP were used for searching related nucleotide sequences and deducing amino acids (www.ncbi.nlm.nih.gov/Blast), respectively. To remove the phosphate group to obtain a neutral sugar chain, pET29a (+) undigested vector was digested with SalI and was treated with calf intestinal alkaline phosphatase. Then the target fragment was cloned into the SalI site by using the treated pET-29a (+) to obtain the plasmid pET-29a harboring genes and transformed into E. coli DH5α. The transformants were grown in LB medium at 37 °C until the OD600 of 0.5 and then spread onto LB selection plates supplemented with 100 mg/L kanamycin. The primer sequences, 5′-taatacgactcactataggg-3′ (T7 primer sequences) and 5′-gtcgacttaccaatctagttgctcc-3′ were used to identify the recombinant plasmid. Then the positive plasmid was transformed into E. coli BL21 (DE3). The transformants were grown in LB medium at 37 °C until the OD600 of 0.5 and then were induced in the addition of isopropyl-β-Dthiogalactopyranoside (IPTG) to a ﬁnal concentration of 1 mM. After growing for 18 h, cells were spread onto LB selection plates supplemented with 100 mg/L kanamycin and 200 mg/L butachlor. Kanamycin-resistant transformants were selected, and colonies with a clear transparent halo could be taken as the positive transformants. Such colonies were screened and further tested for the ability to degrade butachlor by HPLC analysis. The phylogenetic analysis of Dbo with the closely related enzyme was performed using MEGA 4.0 software.20 The Kimura two-parameter
 
 MATERIALS AND METHODS
 
 Chemicals, Media, Strains, and Plasmids. Alachlor (≥99.4%), metolachlor (≥98.0%), acetochlor (≥98.2%), pretilachlor (≥95.6%), and butachlor (≥99.6%) were purchased from Beijing Qinchengyixin Technolog Co., Ltd. (China). All other chemicals used in this study were of analytical grade and obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Inorganic salt medium (ISM, pH 7.0) contained (g/L) KH2PO4, 3.0; K2HPO4, 1.5; NH4NO3, 2.0; MgSO4·7H2O, 0.1; CaCl2, 0.01; and EDTA-2Na, 0.01. Luria−Bertani (LB, pH 7.0) medium contained (g/L) yeast extract, 5.0; tryptone, 10.0; and NaCl, 10.0. For solid medium, 20.0 g/L agar was added. Media were sterilized at 121 °C for 30 min. ISM and LB, which were purchased from Qingdao Hope Bio-Technology Co., Ltd., were used to isolate and culture the strains. The primers and enzymes used for DNA ampliﬁcation were purchased from the supplier (Shanghai SANGON Biological Engineering Co., Ltd., China). E. coli DH5α and E. coli BL21 (DE3) were used as hosts for constructing heterologous expression of protein. The plasmid pET-29a (+) was used for gene cloning and expression. E. coli strains were cultured in LB medium with the appropriate antibiotics at 37 °C. Enrichment, Isolation, and Identiﬁcation of ButachlorDegrading Strain. The activated sludge used for the isolation of butachlor-degrading strain was obtained from Hangzhou Qingfeng Agro-chemical Co., Ltd., a pesticide manufacturer in Zhejiang province, China. Ten grams of activated sludge was added into a 250 mL Erlenmeyer ﬂask containing 100 mL of ISM with 20 mg/L butachlor as the sole carbon source. The medium was incubated in a rotary shaker at 30 °C and 150 rpm for 7 days. Ten milliliters of the enrichment culture was transferred into another 100 mL of fresh ISM medium containing 50 mg/L butachlor and incubated at 30 °C and 150 rpm for another 7 days. The transfer was conducted weekly until the butachlor concentration gradually increased to 100 mg/L. Dilutions of the enrichment were spread onto LB agar plates containing 100 mg/L butachlor. After incubation at 30 °C for 7 days, the colonies were selected and puriﬁed to verify their degrading capabilities. The ability of isolates to degrade butachlor was determined by HPLC. The isolate with high butachlor degradation rate was selected for further analysis. The physiological and biochemical characteristics of the strain were studied by using BioMerieux API 50 CHB/E reagent, which was purchased from Hangzhou Yidan Bio-Technology Co., Ltd. The 16S rRNA gene was ampliﬁed by PCR using the following primers: 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) as the forward and 1492R (5′-TACGGTTACCTTGTTACGACTT-3′) as the reverse.17 The PCR product was puriﬁed and cloned. The cloned insert was sequenced by Shanghai SANGON Biological Engineering Co., Ltd. The sequencing result was submitted to GenBank and compared with known 16S rRNA gene sequences in the GenBank database by BLAST.18 Phylogenetic analysis was conducted using the neighborjoining method with Clustal X19 and MEGA 4.0 software.20 Finally, this isolate was identiﬁed on the basis of its morphological and biochemical properties as well as phylogenetic analysis. Biodegradation Experiment of Butachlor by Strain. The isolate was precultured in LB medium and incubated at 30 °C and 150 rpm for 24 h. Cells were harvested by centrifugation (5000g, 5 min) at 4 °C and washed twice with fresh ISM. Finally, cells were resuspended in fresh ISM at a concentration equivalent to an OD600 of 1.0. An inoculum (2%, v/v) was inoculated into a 250 mL Erlenmeyer ﬂask containing 100 mL of ISM with 100 mg/L butachlor as the sole carbon source. Under optimal conditions (30 °C, pH 7.0), the medium was incubated on a rotary shaker at 150 rpm. Control experiment, which was incubated with inactivated cells, was carried out under the same condition. Each treatment was performed in three replicates. At 24 h intervals, sample aliquots were collected from the cultures. The residual concentration of butachlor was determined by HPLC, and the growth of cells was recorded by measuring the absorbance at 600 nm using a UV−vis spectrophotometer. The degradation rate was calculated according to the equation ρ=
 
 X 0 − X1 × 100% X0 8382
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 Figure 1. Neighbor-joining phylogenetic tree of 16S rRNA genes of strain hys-1. Bootstrap values above 50% (based on 1000 replications) are represented at the branch points. Bar = 0.01 substitution per nucleotide position. Millipore membrane ﬁlter. Residual chloroacetamide herbicides were analyzed with HPLC (Waters e2695) equipped with a UV−vis detector (Waters 2489) and an XBridge C18 column (inner diameter, 4.6 mm; length, 25 cm; particle size, 5.0 μm). The temperature of the separation column was 35 °C. Mobile phase was acetonitrile/water (80:20, v/v), and the ﬂow rate was 0.8 mL/min. The injection volume was 20 μL, and the column elution was monitored by measuring at 230 and 215 nm. The concentration was calculated on the basis of a peak area from calibration curve. The reaction products were analyzed by LC-MS. The analyses were performed by a time-of-ﬂight mass spectrometry (Waters Xevo G2 QTOF, USA) equipped with an electrospray ionization (ESI). The positive mode was set at a source temperature of 110 °C, a desolvation temperature of 450 °C, and a capillary voltage of 2.5 kV. The cone gas ﬂow and desolvation gas ﬂow were 50 and 1000 L/h, respectively. Nitrogen was used as the desolvation gas, and argon was used as the collision gas. The compounds were ionized in the positive electrospray ionization (ESI+) ion source and were detected in high-resolution mode. Full scan signals were recorded from m/z 50 to 600. Finally, the data were collected and analyzed by Masslynx V 4.1 (Waters, USA). Structures of products were analyzed with formula weight matching software (MassFragment). GenBank Accession Numbers. The GenBank accession numbers of the Dbo gene and the 16S rRNA gene sequence of strain hys-1 were KT121406 and KP119496, respectively.
 
 distance model was used to calculate the distances, and the tree topology was evaluated on the basis of bootstrap analysis of 1000 times. Puriﬁcation and Characteristics of the Recombinant Enzymes. The positive recombinants of E. coli BL21 were incubated in LB medium containing 50 mg/L kanamycin until the OD600 of 0.5 at 37 °C and then were induced by adding 1 mM IPTG. After incubation at 18 °C for 10 h, the cells were harvested by centrifugation at 5000g for 10 min at 4 °C, washed twice, and resuspended with 50 mM PBS (pH 7.0). Cell suspensions were disrupted by sonication for 15 min and then centrifuged at 12000g for 15 min at 4 °C to remove the cell debris. The supernatant was used for further enzyme puriﬁcation. The puriﬁcation of the recombinant enzyme was carried out according to the methods described by Nguyen et al.25 Protein concentrations were quantiﬁed via the Bradford method21 using bovine serum albumin as the standard. To determine the optimal pH, enzyme reaction was performed in various buﬀers at 30 °C. The following buﬀers were used: 20 mM citrate buﬀer (pH 3.0, 4.0, 5.0, 6.0); 20 mM PBS (pH 6.0, 6.5, 7.0, 7.5, 8.0, 8.5); and 0.1 M sodium bicarbonate buﬀer (pH 8.5, 9.0, 9.5, 10.0). To determine optimal temperature, enzyme reaction was conducted in 20 mM PBS (pH 7.0) at various temperatures from 20 to 50 °C. The eﬀects of diﬀerent metal ions on the enzymatic activity were determined by incubating 1 mM of various metal salts in 20 mM PBS buﬀer (pH 7.0) at 30 °C. PBS without additional metal salts was used as the control (100%). Enzyme activity was measured using the enzyme assay conditions described above, and butachlor was used as the substrate for the enzyme reaction assay. Three replicates were used for each sample. Analytical Methods. To analyze butachlor and other chloroacetamide herbicides, the culture sample was centrifuged at 12000g for 20 min at room temperature. Then, the supernatants were freeze-dried, redissolved in 1.0 mL of acetonitrile, and ﬁltered through a 0.22 μm
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 RESULTS AND DISCUSSION
 
 Isolation and Identiﬁcation of hys-1. After 2 months of enrichment and screening, a single strain was isolated from the active sludge and designated hys-1. The strain was selected on the basis of its ability to use butachlor as the sole carbon source. 8383
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 Strain hys-1 degraded approximately 84% of butachlor within 5 days and >90% after 7 days if used at concentration of 100 mg/L in ISM. Strain hys-1 was an aerobic and Gram-positive bacterium. The electron micrograph of hys-1 cells showed that the bacterium was rod shaped (4.4−4.5 μm × 1.2−1.3 μm), sporebearing, and atrichosis. Colonies grown on LB agar plates at 30 °C for 36 h were white, circular, and 2.0−3.0 mm in diameter. Strain hys-1 was able to grow within a temperature range of 25− 40 °C, the optimal temperature being 30−37 °C. Growth occurred at pH 6.0−9.0, with optimal growth at pH 7.0−8.0. Growth of strain hys-1 was observed at NaCl concentrations between 5 and 12%, with an optimum of 8%. BioMerieux API 50 CHB/E reagent was used to determine the activities of constitutive enzymes and other physiological properties according to the manufacturer’s instructions (data not shown). The 16S rRNA gene (1458) of strain hys-1 was sequenced and deposited in the GenBank database with the accession no. KP119496. Analysis of 16S rRNA gene sequences revealed the
 
 Figure 2. Utilization of butachlor during growth of hys-1. Error bars represent the standard error of three replicates.
 
 Figure 3. Mass spectrum analysis of the butachlor intermediates degraded by hys-1: (a) Total ion chromatogram (TIC) for intermediates A, B, and C. The retention time of each compounds was 12.39, 10.26, and 7.55 min, respectively. (b−d) The mass spectrum of characteristic ions for compounds A, B, and C. They were identiﬁed as 2-chloro-N-(2,6-diethylphenyl)-N-methylacetamide, 2-chloro-N-(2,6-diethylphenyl)-acetamide, and 2,6diethylaniline, respectively. 8384
 
 DOI: 10.1021/acs.jafc.5b03326 J. Agric. Food Chem. 2015, 63, 8381−8390
 
 Article
 
 Journal of Agricultural and Food Chemistry
 
 Table 1. Retention Time, Mass, and Structure of the Identiﬁed Products (A, B, and C) by LC-MS and MassFragment Software Analysisa
 
 a
 
 S, score; B, bond; H, deﬁcit. In the MassFragment software, the lower the score (≤5), the better the matching results.
 
 phylogenetic analyses, strain hys-1 was considered as a Bacillus sp. So far, various studies showed that many bacteria were able to degrade butachlor, including Sphingomonas sp.,26 Paracoccus sp.,13 Pseudomonas sp.,27 Catellibacterium caeni sp.,9 Rhodococcus
 
 highest sequence identity (99%) with the 16S rRNA gene of Bacillus anthracis ATCC 14578 T (no. AB190217), and phylogenetic analysis showed that the two strains share the closest relationship (Figure 1). Thus, on the basis of the results of phenotypic and physiological characteristics and genotypic and 8385
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 Figure 4. Complete biodegradation pathway of butachlor by strain hys-1.
 
 Table 2. Speciﬁc Activities of Crude Cell Extractsa substrate
 
 speciﬁc activity (μmol min−1 mg−1)
 
 alachlor acetochlor butachlor metolachlor pretilachlor
 
 38.46 ± 1.27* 32.81 ± 1.04* 27.35 ± 1.31* − −
 
 These results indicated that butachlor served as the carbon source for strain hys-1 growth. Identiﬁcation of Metabolites and Butachlor Biodegradation Pathway. To elucidate the butachlor biodegradation pathway and the interaction with cell metabolism, the intermediates of butachlor degradation by strain hys-1 were identiﬁed with HPLC-ESI-MS/MS. Three metabolites, designated metabolites A, B, and C, were obtained with diﬀerent retention times (Figure 3). For the ﬁrst 3 days of butachlor degradation, metabolites A and B were determined with high concentration levels by HPLC. In positive-ion chemical ionization, metabolite A showed a protonated molecular ion peak at m/z 240.1 [M + H]+ and characteristic fragment ion peaks at m/z 174.0, 162.2, 147.4, and 134.2. With the formula weight matching software (MassFragment), structures of characteristic fragments were matched and are shown in Table 1. On the basis of these results, product A was identiﬁed as 2chloro-N-(2,6-diethylphenyl)-N-methylacetamide. The positiveion chemical ionization of metabolite B showed a molecular ion peak m/z 226.0 [M + H]+, and its characteristic fragment ion peaks were m/z 208.1, 198.4, 180.0, and 122.3. Furthermore, the matching results of characteristic fragments are shown in Table 1. According to these data, product B was identiﬁed as 2-chloro-N(2,6-diethylphenyl)acetamide. In addition, the concentration of metabolite C increased after incubation for 5 days, and the mass spectrum gave a base peak at m/z 150.2 [M + H]+ with the characteristic fragment ion peaks at m/z 132.1, 121.8, and 105.1. On the basis of these data, product C was identiﬁed as 2,6diethylaniline. It should be noted that although the sample gave a peak at RT = 13.21 min, its molecular ion peak showed a higher molecular weight compared with butachlor, and its characteristic fragment ion peaks could not be detected by MS/MS. Therefore, we inferred it was an impurity peak. Moreover, these metabolites (A, B, and C) could hardly be detected after butachlor degradation for 10 days. Thus, we deduced that butachlor was completely degraded by strain hys-1. Until now, few studies9,13,14,34 have reported the possible aerobic and anaerobic degradation pathways of butachlor by microorganisms. In general, the major methods for butachlor degradation include dechlorination, hydroxylation, dehydrogenation, debutoxylation, debutoxymethylation, N-dealkylation, Odealkylation, cyclization, etc.35−37 Liu et al.15 reported that butachlor was only hydrolyzed by strain B1 through Ndealkylation, which resulted in the production of butoxymetha-
 
 Data in the table are shown as means ± SE. −, no activity was detected. The asterisk (*) indicates signiﬁcant diﬀerence (p < 0.05, ANOVA test). a
 
 sp.,15 Acinetobacter sp.,28 Mycobacterium sp.,14 and Sphingobium sp.14,29 Members of Bacillus are widespread in nature and play an important role in the ecosystem. Tuo et al.30 isolated a Bacillus sp. Q2 that could degrade 500 mg/L quinoline completely within 30 h under optimal conditions. Li et al.31 obtained a Bacillus sp. GZB capable of eﬀectively degrading bisphenol A (BPA) under anaerobic and aerobic conditions. Lu et al.32 found that Bacillus cereus JP12 could use decabromodiphenyl ether (BDE-209) as the sole carbon and energy source for growth in mineral salt medium. Moreover, Zu et al.33 isolated a Bacillus sp. GZT that had an excellent ability to simultaneously debrominate and mineralize 2,4,6-tribromophenol (TBP). All of this suggested that the Bacillus sp. strains could have a great potential application value in biodegradation of organic contaminants and remediation of water and soil. This study obtained a Bacillus sp. hys-1 from activated sludge, which was capable of degrading butachlor as the sole carbon, nitrogen, and energy source. The results expanded the application range of Bacillus sp. in the ﬁeld of environmental pollution remediation. Biodegradation Experiment of Butachlor by Strain hys-1. The butachlor degradation and growth patterns of strain hys-1 were studied in ISM with butachlor as the sole carbon source. Under optimal conditions (temperature, 30 °C; pH 7.0; butachlor concentration, 100 mg/L), hys-1 degraded butachlor rapidly, with 83.6% of the initial dose degraded within 5 days (Figure 2). At the beginning of the incubation period, strain hys1 did not adapt to the environment quickly and the most eﬃcient degradation was obtained the next day. No signiﬁcant change of butachlor concentration was observed in the cultures incubated with inactivated cells. Butachlor degradation was associated with a concomitant increase in cell density from 0.21 to 0.92 (OD600). 8386
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 Figure 5. Mass spectrum of metabolite and proposed metabolic pathway: (a) Total ion chromatogram (TIC) for metabolite. The retention time was 11.40 min. (b) Mass spectrum of characteristic ions for the metabolite (RT = 11.40 min) identiﬁed as 2-chloro-N-(2,6-diethylphenyl)-Nmethylacetamide. (c) Proposed metabolic pathway of butachlor by the positive clone. Butachlor was transformed into 2-chloro-N-(2,6-diethylphenyl)N-methylacetamide by debutoxylation.
 
 Figure 6. Phylogenetic relationships of butachlor debutoxylase amino acid sequences (Dbo).
 
 DC-6 and DC-2 degraded butachlor via N-dealkylation. Otherwise, Zheng et al.9 found that ﬁve metabolites were
 
 nol and 2-chloro-N-(2,6-dimethylphenyl)acetamide. Analogously, a study by Chen et al.16 also showed that sphingomonads 8387
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 produced during butachlor degradation by strain DCA-1T, but three macromolecular degradation products remained in the culture medium, while not being further degraded. In addition, Kim et al.14 reported that butachlor was completely degraded by the two isolates (Mycobacterium sp. J7A and Sphingobium sp. J7B) by syntrophic metabolism, whereas each isolate alone was not able to completely degrade butachlor. In a recent study, Zhang et al.13 observed a plausible complete mineralization pathway of butachlor by Paracoccus sp. FLY-8. First, butachlor was degraded to alachlor by partial C-dealkylation and then through N-dealkylation to form 2-chloro-N-(2,6dimethylphenyl)acetamide, which was further cleaved to 2,6diethylaniline. 2,6-Diethylaniline was subsequently degraded via the metabolites aniline and catechol. In the end, catechol was oxidized through an ortho-cleavage pathway. On the basis of all of the above results, the complete degradation pathway of butachlor by strain hys-1 is also proposed in Figure 4. Butachlor was initially metabolized to 2-chloro-N(2,6-diethylphenyl)-N-methylacetamide by debutoxylation and then transformed to form 2-chloro-N-(2,6-diethylphenyl)acetamide by N-demethylation. Subsequently, it was converted to 2,6-diethylaniline and further mineralized into CO2 and H2O. Butachlor was completely degraded by strain hys-1 ﬁnally, which was diﬀerent from the reported butachlor mineralization pathway.13 Thus, a new mineralization pathway by strain hys-1 was found as a novel metabolic mechanism of butachlor
 
 Figure 7. SDS-PAGE analysis of the puriﬁed enzymes. Lanes: M, protein marker; Dbo, puriﬁed recombinant Dbo.
 
 Figure 8. Eﬀects of pH (A), temperature (B), and diﬀerent metal ions (C) on Dbo activity. Error bars represent the standard error of three replicates. 8388
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 Cd2+ signiﬁcantly inhibited the Dbo activity, whereas K+, Mg2+, and Fe3+ inﬂuenced enzyme activity indistinctively. Approximately 30−50% of Dbo activity was inhibited by Cr3+ and Al3+ ions. Furthermore, Mn2+ slightly activated Dbo activity at the tested concentration. The present study showed that Dbo could carry out the debutoxylation of butachlor and may possess potential to be used in bioremediation of butachlor-contaminated environments.
 
 biodegradation. In conclusion, strain hys-1 could degrade butachlor completely, which eﬀectively reduce the secondary contamination caused by butachlor metabolites. Furthermore, the eﬃciency of butachlor degradation by strain hys-1 is much higher than that by Paracoccus sp. FLY-8.13 Substrate Speciﬁcity of the Enzyme. The substrate speciﬁcity of crude cell extracts was investigated using ﬁve chloroacetamide herbicides (Table 2). The results revealed that the crude cell extracts were able to catalyze alachlor, acetochlor, and butachlor degradation, with speciﬁc activities of 38.46, 32.81, 27.35 μmol min−1 mg−1 protein, respectively. No activity was detectable in the case of metolachlor and pretilachlor. This diﬀerence of reactivity may be related to the enzyme selectivity. Moreover, it was shown that the hydrolysis eﬃciency descended as alachlor > acetochlor > butachlor, which indicated that the hydrolysis activities decreased with the increase of the alkoxy chain length. Dbo Gene Cloning, Expression, and Sequence Analysis. To clone the Dbo gene from strain hys-1, the gene was ampliﬁed by the primers as described previously. Next, the recombination genes were constructed and then transformed into E. coli BL21 (DE3). After growth on LB selection plates at 37 °C for 18 h, a positive clone was screened and the ability to degrade butachlor was conﬁrmed by HPLC. In addition, the metabolites were further identiﬁed by LC-MS. The results indicated that the positive clone could transform butachlor into 2-chloro-N-(2,6-diethylphenyl)-N-methylacetamide by debutoxylation (Figure 5). Thus, it was subjected to gene sequencing. Finally, a continuous gene (744 bp in length) was obtained and deposited in the GenBank database with the accession no. KT121406. The gene encoding butachlor debutoxylase was designated Dbo. Sequence analysis indicated that the GC content of Dbo was 38.31 mol % and a protein of 247 amino acids was encoded. Proteomic predictions showed that the molecular weight of Dbo is 28282.43 Da. The phylogenetic relationship of amino acid sequences is shown in Figure 6. The results showed the highest protein sequence identity (99%) with carboxylesterase (no. Q06174) and 97% identity with thermostable monoacylglycerol lipase (no. P82597). Both carboxylesterase and lipase are members of the esterase family. Thus, we speculated that Dbo could be a Bacillus esterase homologue that had the capability of realizing butachlor debutoxylation. Puriﬁcation and Characteristics of Dbo. To study the enzymatic properties, Dbo was expressed in E. coli BL21 and puriﬁed using Ni−nitrilotriacetic acid aﬃnity chromatography. The puriﬁed enzyme was analyzed by SDS-PAGE and gave a single band (Figure 7). The molecular mass of the denatured enzyme was approximately 28 kDa, which is consistent with the molecular mass predicted from the amino acid sequence (28282.43 Da). Dbo could catalyze the debutoxylation of butachlor into 2-chloro-N-(2,6-diethylphenyl)-N-methylacetamide. Above all, Dbo involved in the degradation of butachlor was reported for the ﬁrst time. The eﬀects of pH, temperature, and metal ions on Dbo activity were assayed with the puriﬁed enzyme. Dbo showed high activity at pH 6.5−7.0, with an optimum pH of 6.5, and the activity was inhibited under acidic (8.0) condition (Figure 8A). The enzyme showed relatively high activity at temperatures ranging from 25 to 40 °C, retaining >50% activity at 20 and 45 °C, yet 38% activity at 50 °C. The highest activity appeared at 30 °C (Figure 8B). Metal ions play an important role in Dbo activity (Figure 8C). Cu2+, Fe2+, Zn2+, Ni2+, Hg+, and
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