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Abstract: Four different bacteria capable of degrading butachlor, as well as five different syntrophic
pairs of bacteria able to break down butachlor, were isolated from rice paddy soils in Korea. Genetic
and phenotypic analyses were conducted to better understand their characteristics and behavior. All
single isolates and syntrophic pairs were able to utilize butachlor as a sole carbon and energy source.
Analysis of the 16S rRNA sequence showed that the isolates were related to members of the genus
Rhodococcus and a new type of butachlor-degrading genus Sphingobium. The chromosomal DNA
fingerprinting patterns of the butachlor-degrading bacteria and syntrophic pairs were analyzed using
a technique called repetitive-sequence-based PCR (REP-PCR). The results showed that there were two
different REP-PCR patterns found among the four independent butachlor-degrading bacteria, and ten
strains of five different syntrophic pairs produced a total of eight distinct DNA fingerprints. Through
the use of gas chromatography–mass spectrometry (GC-MS) analysis, it was observed that the
syntrophic pair was capable of breaking down butachlor using various chemical pathways, such as
2-chloro-N-(2,6-diethylphenyl) acetamide (CDEPA), 2,6-diethylphenyl isocyanate, 2,6-diethylaniline
(DEA), and 2-ethylaniline.

Keywords: butachlor; pesticide; biodegradation; soil bacteria; degradation pathway

1. Introduction

Chloroacetamide herbicides have been commonly employed to manage weeds growth
in agricultural fields that produce crops such as rice, corn, soybean, and others. These
herbicides are applied during the early stages of plant growth or after emergence to
prevent lipid, protein, and lignin synthesis in plants [1,2]. Among the chloroacetanilide
herbicides, butachlor [N-(butoxymethyl)-2-chloro-N-(2,6-diethylphenyl)-acetamide] is one
of the commonly applied herbicides to control pre-emergent weeds in Asia and South
America [1,3]. Annual use of butachlor in Asia has been reported to be approximately
4.5 × 107 Kg [4,5]. Butachlor is applied to beans, rice, tea, and wheat as a systematic and
selective pre-emergent herbicide. It inhibits geranygeranyl pyrophosphate cyclization
enzymes and elongase, which is responsible for the elongation of very long-chain fatty
acids (VLCFAs) [6]. In addition, it effects lipid biosynthesis and redox homeostasis [7].

Extensive use of butachlor has led to frequent detection of butachlor and its metabolites
in various agricultural soil environments [4]. Toxicological research has revealed the
harmful effects of butachlor on earthworms, microbial communities, enzyme activities,
freshwater fishes, and even human health [5–7]. Studies have shown that butachlor can
cause stomach tumors in rats and oxidative DNA damage in humans [8,9]. Butachlor has
also been reported to cause aberration of the micronucleus and chromosomes, as well as
being genotoxic to mammalian cells [7].

Due to concerns about the persistence and fate of butachlor in the environment,
there has been a growing need to assess its detoxification from the environment. Studies
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have shown that both biotic and abiotic processes can contribute to the degradation of
butachlor, with microbial populations playing a particularly important role in soil detox-
ification [10,11]. Several microorganisms have been discovered with the capability to
decompose butachlor as their sole carbon source, with certain strains exhibiting the capac-
ity to degrade 100 mg L−1 of butachlor within a span of just 5 days [12]. These include
Rhodococcus sp. strain B1, Pseudomonas putida strain ER1, Novosphingobium chloroacetimidi-
vorans sp. nov. BUT-14T, Sphingomonas chloroacetimidivorans sp. nov., and Paracoccus sp.
FLY-8 [13–17].

Previous studies have proposed potential pathways for butachlor degradation based
on chemical analysis and enzyme studies [17,18]. These pathways involve C-dealkylation of
butachlor to form alachlor, which is then further converted to 2-chloro-N-(2,6-dimethylphenyl)
acetamide by N-dealkylation. The resulting compound is then transformed into 2,6-
diethylaniline and eventually mineralized through the intermediates of aniline and cate-
chol [17]. However, despite these proposals, there has been limited research on microorgan-
isms capable of degrading butachlor and, as a result, there is relatively little information
available about the genetic, metabolic, and physiological properties of these bacteria.

This study aimed to use an enrichment process to isolate bacteria that are capable
of breaking down butachlor from rice paddy soil. Additionally, this study aimed to
examine the bacteria’s potential to break down butachlor in a mineral medium where
butachlor serves as the sole carbon source. Furthermore, this study aimed to determine
metabolic intermediates by gas chromatography–mass spectrometry and then propose a
new biodegradation pathway for butachlor.

2. Materials and Methods
2.1. Chemicals

Alachlor (99.2% purity) and butachlor (97.7% purity), 2,6-diethylaniline (98.6% purity),
aniline, and catechol were obtained from Sigma-Aldrich (St. Louis, MO, USA). 2-chloro-N-
(2, 6-diethylphenyl) acetamide (CDEPA) (100% purity) was purchased from Accustandard
(New Haven, CT, USA). All other chemicals used were of analytical grade.

2.2. Media and Culture Condition

The isolated butachlor-degrading bacteria were grown on mineral medium (MM) [18]
containing 100 mg L−1 of butachlor. The mineral medium contained 0.13 mg (NH4)6Mo7O24·
4H2O, 0.24 mg CuSO4·5H2O, 0.38 mg Co(NO3)2·6H2O, 1.70 mg MnSO4·7H2O, 1.15 mg
ZnSO4·7H2O, 2.75 mg FeSO4·7H2O, 5.75 mg CaCl2·H2O, 0.05 g MgSO4·7H2O, 0.30 g
(NH4)2SO4, 1.36 g KH2PO4, and 1.42 g Na2HPO4 in 1 L distilled water. To purify the
bacterial strain and to conduct routine culture, modified Peptone-Tryptone-Yeast extract
Glucose (PTYG) medium was used. A modified PTYG medium was used in this study,
containing (g/L) 0.25 peptone, 0.25 tryptone, 0.5 yeast extract, 0.5 glucose, 0.03 MgSO4,
and 0.003 CaCl2. All cultures were incubated at 28 ◦C and liquid cultures were shaken in
an incubator (Vision Co., Daejeon, Republic of Korea) at 150 rpm and 28 ◦C.

2.3. Enrichment and Isolation of Butachlor-Degrading Strains

Soil samples were collected from rice fields (0–15 cm deep) in Ansan, Chungju, Jang-
sung, Pyeongtaek, Wonju, and Yeongju regions in Korea. These rice fields are actually
rice-cultivated land and butachlor has been regularly applied to these field for several years.
Soil samples were sieved (2.0 mm mesh) to remove debris and homogenize. An enrichment
technique was used to isolate butachlor-degrading bacteria. To obtain a final butachlor
concentration of 100 mg kg−1 soil, butachlor was added to 20 g of each soil sample and
mixed thoroughly. The mixture was then incubated with periodic mixing at room tempera-
ture. After 4 weeks, 1 g of soil sample was mixed with 9 mL of mineral medium containing
100 mg L−1 of butachlor. The resulting mixture was then serially diluted in 3 mL of bu-
tachlor medium (100 mg L−1) and incubated in a shaking incubator at 28 ◦C for 4 weeks.
The degradation of butachlor was evaluated using NanoDrop 2000c spectrophotometer
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(Thermo Fisher Scientific, Waltham, MA, USA) and high-performance liquid chromatog-
raphy (HPLC) (Shimadzu, Kyoto, Japan). The culture medium was transferred to a new
medium with butachlor when less than 20% of the initial butachlor amount remained. The
above process was repeated 3–4 times. To isolate individual bacterial colonies that could
degrade butachlor, the final enriched culture was streaked onto PTYG agar and incubated
at 28 ◦C for 7 days. Distinct colonies with different morphologies were chosen and purified
using PTYG agar. An individual colony was then added to 3 mL of mineral medium
containing 100 mg L−1 of butachlor and incubated at 28 ◦C. The purpose of this step was to
evaluate its capacity to utilize butachlor as the only source of carbon and energy.

2.4. Identification of Butachlor-Degrading Strain

The bacteria that were able to degrade butachlor were isolated and identified through
16S rRNA gene sequence analysis. Chromosomal DNA was extracted using the Wizard
Genomic DNA Purification Kit (Promega, Madison, Wisconsin, USA). To amplify the 16S
rRNA gene, polymerase chain reaction (PCR) was employed with the use of universal
primers, namely 27f and 1492r [19]. PCR was carried out with the following procedure:
DNA was initially denatured at 94 ◦C for 5 min; then, it was subjected to 30 cycles of
amplification consisting of 1 min at 94 ◦C, 1 min at 55 ◦C, and 1 min at 72 ◦C; and finally,
the reaction was extended to 72 ◦C for 10 min. The amplified PCR products were verified
through agarose gel electrophoresis and subsequently purified using the QIAquick PCR
purification kit (QIAGEN, Hilden, Germany). Afterward, the purified PCR products
were sequenced using the sequencing primers 515r (5′-TTACCGCGGCTGCTGGCA-3′),
926f (5′-AAACTYAAAKGAATTGACGG-3′) [20] and 1055r (5′-AGCTGACGACAGCCAT-
3′) [21]. SEQMAN software (DNASTAR) was utilized to assemble the obtained overlapping
fragments. To determine the similarity of 16S rRNA gene sequence among bacterial type
strains, EzTaxon server [22] was employed.

2.5. Colony REP-PCR

Repetitive-sequence-based PCR (REP-PCR) was conducted using BOXA1R primer to
distinguish the isolated butachlor-degrading strains at subspecies level [23]. Each butachlor-
degrading strain was cultured on PTYG agar medium for 2 days. Small amounts of bacterial
cells were harvested and resuspended in 25 µL of PCR mixture. The PCR protocol began
with a denaturation step at 95 ◦C for 7 min, followed by 35 cycles of amplification, which
involved heating the sample to 92 ◦C for 1 min, annealing at 52 ◦C for 1 min, and extension
at 65 ◦C for 8 min. After the last cycle, there was a final extension step at 65 ◦C for 16 min.
The amplified PCR products were then resolved by electrophoresis on 1.2% agarose gels.

2.6. Analysis of Butachlor Degradation

The butachlor-degrading isolates were cultured in a PTYG medium. After collecting
exponentially growing cells by centrifugation at 19,000× g for 10 min and washing them
twice with mineral medium, a specific quantity of resuspended cells was introduced into
a mineral medium containing butachlor (100 mg L−1) as the sole source of carbon, with
a final density of OD600 = 0.005. The culture medium containing the inoculated cells was
incubated at 28 °C in a rotary shaker (150 rpm). Samples were taken at regular intervals
to measure bacterial cell growth and the concentration of butachlor. Bacterial cell growth
was estimated by measuring optical density at 600 nm. To estimate the concentration of
butachlor, 3 mL of the sample was mixed with an equal volume of methanol, filtered, and
analyzed using reverse-phase HPLC. The mobile phase consisted of acetonitrile and water
(60:40, v/v), and the flow rate was set to 1 mL/ min−1. The injection volume was 20 µL
and column elution was monitored at 230 nm. The amount of butachlor present in the
sample was determined quantitatively based on the calibration curve. Degradation caused
by the abiotic process was estimated using the medium with only butachlor in the absence
of inoculation as a control. All experiments were conducted in triplicate.
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2.7. Identification of Metabolic Intermediates

Gas chromatography–mass spectrometry (GC-MS) was used to identify the metabolic
intermediates of butachlor, following the same growth conditions as described previ-
ously. To extract the organic layer, the culture samples were first centrifuged to re-
move cells. The resulting supernatant was saturated with NaCl and then extracted with
dichloromethane. The extracted organic layer was dried, evaporated, and dissolved in 1 mL
of dichloromethane. The sample was then filtered with a PTFE syringe filter (0.2 µm pore
size, Pall Corporation, USA) before being analyzed using Perkin-Elmer Clarus 680 GC with
an EI mode (70 eV) and a DB-5MS column (length: 30 m, ID: 0.25 mm, FT: 0.25 µm). GC
oven temperature was increased from 100 ◦C (2 min hold) to 280 ◦C at 10 ◦C min−1, held for
20 min, and finally increased to 320 ◦C at 20 ◦C min−1 for 8 min. The column temperature
system was programmed from 100 ◦C (2 min hold) to 280 ◦C at 10 ◦C min−1 and then held
for 20 min. Helium was used as the carrier gas at a constant flow of 1 mL min−1. The sam-
ples were analyzed in split mode (1:20) at an injection temperature of 280 ◦C and detected
in the mass range from m/z 30 to 650. The identification of the chromatographic peaks was
based on their mass spectra and conducted using the NIST library identification program.

2.8. Degradation of Butachlor Intermediates

Cells of the isolates were cultured in PTYG medium until the logarithmic phase.
Exponentially growing cells of the isolate were collected by centrifugation at 13,000 rpm
for 10 min at room temperature. Collected cells were washed twice with mineral medium
and resuspended in mineral medium. Aliquots of suspended cells were inoculated into
mineral medium supplemented with alachlor, 2-chloro-N-(2, 6-diethylphenyl) acetamide
(CDEPA), 2,6-diethylaniline (DEA), aniline, and catechol at a concentration of 100 mg L−1.
All cultures were incubated at 28 ◦C on a rotary shaker at 150 rpm. After 1 week of
incubation, an optical density of 600 nm was determined. To determine the degradation of
butachlor intermediates, the cultures were centrifuged to remove the cellular material, and
the reduction in peak height was measured by UV scanning.

3. Results
3.1. Isolation of Butachlor-Degrading Bacteria

Several bacterial isolates capable of degrading butachlor were obtained from soil
samples collected from different rice fields in Korea. These included four individual
bacterial strains and five pairs of syntrophic bacteria. (Table 1). The isolated bacteria
were able to use butachlor as a carbon source for their growth and were also capable of
degrading it.

A total of 140 rice paddy soil samples were tested and butachlor was not degraded in
131 samples. Additional enrichment and purification steps were performed on nine soils
in which butachlor degradation was confirmed. Finally, four bacterial strains capable of
independently degrading butachlor were obtained from four distinct paddy soils. It was
not possible to isolate a single bacterial strain capable of degrading butachlor from some
soil samples. In this case, different types of colonies were cultured in various combinations
to confirm the degradation of butachlor. Several mixed cultures were found to have the
ability to degrade and use butachlor as a source of growth. These mixed cultures were
used to isolate five pairs of syntrophic bacteria (designated as “a” and “b”) that could break
down and utilize butachlor. Isolation was conducted using soil samples collected from five
different locations.
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Table 1. Nearest relatives of the butachlor-degrading isolates based upon 16S rRNA gene sequences.

Isolate Genebank Accession
Number Sampling Site Nearest Type Strain Similarity (%)

G4-2 JX101328 Yeongju Sphingobium chunbukense DJ77T 98.4
G3 JX979142 Yeongju Sphingobium chunbukense DJ77T 98.2

O18 JX979134 Wonju Sphingobium chlorophenilicum ATCC
33790T 98.4

K8 JX979135 Ansan Sphingobium chunbukense DJ77T 98.4
O4a JX979150 Jangsung Rhodococcus qingshengii djl-6T 100.0
O4b JX979146 Jangsung Sphingobium chungbukense DJ77T 98.6
L9a JX979140 Ansan Rhodococcus qingshengii djl-6T 99.9
L9b JX979136 Ansan Sphingobium chungbukense DJ77T 98.8
J12a JX979132 Pyeongtaek Rhodococcus ruber DSM 43338T 99.7
J12b JX979141 Pyeongtaek Sphingobium chungbukense DJ77T 98.8
J11a JX979145 Pyeongtaek Rhodococcus ruber DSM 43338T 100.0
J11b JX979138 Pyeongtaek Sphingobium chungbukense DJ77T 98.7
H4a JX979148 Chungju Rhodococcus ruber DSM 43338T 100.0
H4b JX979144 Chungju Sphingobium chungbukense DJ77T 98.4

3.2. 16S rRNA Gene Sequence and REP-PCR Analyses

The analysis of the 16S rRNA gene sequence revealed that the isolated strains were
identified as members of the Sphingobium and Rhodococcus genera (Table 1). Nine isolates
were identified as Sphingobium species, belonging to Alphaproteobacteria. Five isolates were
identified as Rhodococcus species, belonging to Actinobacteria. Despite being isolated from
various rice soils, the majority of the bacterial strains in this research were closely related to
the same species, including Sphingobium species, which were not previously known to be
capable of butachlor degradation. To investigate the genomic relationship between closely
related isolates, a REP-PCR experiment was conducted in addition to 16S rRNA sequencing
(Figure 1). REP-PCR analysis revealed that four independent butachlor-degrading bacteria
and five different syntrophic bacteria pairs had two identical and five different DNA
fingerprinting patterns, respectively. This suggests that the butachlor-degrading isolates
from this study are closely related.
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3.3. Growth Characteristics and Degradation Phenotype

Each syntrophic pair consisted of one Rhodococcus species and one Sphingobium species,
and all the syntrophic pairs showed very similar growth patterns to each other on the
butachlor mineral medium. All five pairs of syntrophic bacteria were able to completely
degrade butachlor, but individual strains were unable to mineralize it. Therefore, each
strain of the syntrophic pair was denoted by “a” and “b”. The “a” type bacteria were able to
grow slightly on the butachlor minimal medium but were unable to completely mineralize
butachlor. Conversely, the “b” type bacteria alone were unable to utilize butachlor as a
carbon source but were capable of completely degrading the metabolites produced by the
“a” type bacteria.

Figure 2A presents the growth and degradation curves of the syntrophic pair O4ab,
which successfully degraded 100 mL L−1 of butachlor within 34 h. The cell density of this
pair gradually increased from 0.035 to 0.20 at OD600, indicating their growth during the
degradation process. O4ab exhibited the fastest butachlor degradation rate among the five
syntrophic pairs, leading to its selection as the representative pair for further investigation
of growth and metabolic pathways during butachlor biodegradation. Two representative
strains, G4-2 and O18, were selected from the four isolates that were observed to degrade
butachlor alone based on their REP-PCR fingerprints. These strains were then analyzed for
their growth properties on the butachlor mineral medium. Figure 2B shows the growth
and degradation curves of bacterial strain G4-2 on the butachlor mineral medium. This
strain exhibited a quick growth response after an initial lag period of several hours, and
completely utilized butachlor in approximately 40 h. On the other hand, Figure 2C shows
the growth and degradation curves of bacterial strain O18, which displayed a relatively
longer lag period and required around 70 h to completely degrade 100 mg L−1 of butachlor.

3.4. Identification of Metabolites Produced during Butachlor Degradation

The identification of the butachlor degradation pathway was studied by analyzing the
metabolites through GC-MS. The gas chromatogram spectrum was obtained from 0 h and
12 h of incubation. GC-MS analysis of 0 h of incubation showed only one peak, which was
identified as butachlor and originally added to the mineral medium. GC-MS analysis of
12 h of incubation with the syntrophic pair O4ab showed four peaks besides the butachlor
peak (Figure 3A). Five peaks were observed in addition to the butachlor peak in the GC-MS
analysis after 12 h of incubation with G4-2 (Figure 3B). After incubating with O18 for
12 h, GC-MS analysis revealed the presence of one peak in addition to the butachlor peak
(Figure 3C). Compound (1) was identified as 2-chloro-N-(2,6-diethylphenyl) acetamide
(CDEPA) by analyzing its molecular weight and fragment ion peaks. CDEPA was found
to be the N-dealkylated form of butachlor (Figure 3D). CDEPA is a well-known butachlor
metabolite by bacteria [16,24,25]. Based on their molecular weight and fragment ion peaks,
compounds (2) and (3) were identified as 2,6-diethylaniline (DEA) and 4-amino-3,5-diethyl
phenol (ADEP), respectively (Figure 3E,F). To further analyze the possible degradation
pathway of butachlor by the representative isolates, the isolates were grown on various
potential intermediates. Strains G4-2 and O18 could degrade and grow on butachlor,
CDEPA, DEA, and catechol (Table 2). Strain O4a could grow on butachlor, DEA, and
catechol, while strain O4b grew on CDEPA, DEA, and catechol (Table 2). None of the
isolates could degrade and grow on alachlor and aniline.
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Figure 2. Utilization and degradation of butachlor by the isolates. (A) Butachlor degradation and cell
growth of syntrophic pair O4ab. �: residual concentration of butachlor; �: OD600 of O4ab pair in
butachlor mineral medium; N: slight growth of O4a; •, no growth of O4b. (B) Butachlor degradation
and cell growth of G4-2. �: residual concentration of butachlor; �: OD600 of G4-2 in butachlor
mineral medium. (C) Butachlor degradation and cell growth of O18. �: residual concentration of
butachlor; �: OD600 of O18 in butachlor mineral medium.
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(2,6-diethylphenyl) acetamide (1); (E) GC-MS spectra of butachlor metabolites 2,6-diethylaniline (2);
(F) GC-MS spectra of butachlor metabolites 4-amino-3,5-diethyl phenol (3).

Table 2. Degradation and growth of the isolates on various potential intermediates of butachlor.

Characteristics G4-2 O18 O4a O4b

Utilization of
Butachlor + + + −
Alachlor − − − −
CDEPA + + − +

DEA + + + +
Aniline − − − −

Catechol + + + +
+: over 80 % reduction in peak height as determined by UV scanning and substantial growth (OD600 >0.05); −:
below 10 % reduction in peak height and scant growth (OD600 < 0.007).

4. Discussion

This study identified four bacterial strains and five syntrophic bacterial pairs capable
of degrading butachlor in rice paddy soils. The majority of the isolates (64.3%) belonged
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to the genus Sphingobium, while the remaining isolates (35.7%) belonged to the genus
Rhodococcus. These strains were found to be the predominant butachlor-degrading bacteria
in the rice paddy soils that were tested (Table 1). Although several butachlor-degrading
bacterial strains have previously been isolated [12–16,25], Sphingobium species isolated in
this study are a novel type of butachlor-degrading bacteria that have not been reported in
previous studies.

Syntrophy is a type of metabolic process where two or more organisms work together
in a mutually beneficial way. In this process, one organism breaks down a particular
compound, and the resulting end products are only utilized by another organism. The
metabolism of the first organism only occurs when the second organism consumes the
end products, thus maintaining them at low concentrations. Understanding syntrophic
degradation of butachlor has clear implications for bioremediation process. In this study,
novel syntrophic butachlor-degrading pairs were isolated

In terms of number and frequency of butachlor-degrading strains, it was found that the
syntrophic degradation of butachlor was more dominant than the independent degradation
of butachlor by a single isolate. Furthermore, butachlor degradation by syntrophic pairs
was faster than that by single culture (Figure 1). Paddy soils exhibit a greater variety of
microhabitats in comparison to upland soils. This diversity in microhabitats can contribute
to the variation in soil bacterial communities, which may consequently result in increased
metabolic diversity among soil bacteria [24]. Interestingly, in this study, all Rhodococcus
species were involved in the initial attack on butachlor, while the Sphingobium species
could degrade the metabolic intermediate of butachlor produced by the Rhodococcus species.
The Rhodococcus species produced 2-chloro-N-(2,6-diethylphenyl) acetamide (CDEPA) as
the metabolic intermediate during butachlor degradation, whose intermediate was also
observed in a previous report [13]. The Rhodococcus species have been reported in numerous
studies for their ability to biodegrade various pollutants, including butachlor [25,26].

The initial step of butachlor degradation involved dealkylation and dechlorination
reactions, which resulted in the formation of smaller compounds, such as alachlor, CDEPA,
and DEA [17]. While early-stage compounds of butachlor biodegradation have been well
studied, there have been fewer reports on sub-stage compounds that are produced later
during butachlor biodegradation. In a previous study, Zhang et al. [17] isolated Paracoccus
sp. FLY-8 from rice field soil and found that it could mineralize butachlor. They used
GC-MS analysis and enzyme activity assays to study its metabolic pathway and suggested
that butachlor degradation proceeds through alachlor, CDEPA, aniline, and catechol. In
contrast to the metabolic pathway proposed by Zhang et al. [17], which suggested the
formation of alachlor as an intermediate during butachlor degradation, our study found no
peak corresponding to alachlor. Our study found that none of the isolated bacterial strains
were able to degrade and utilize alachlor as a sole carbon and energy source.

It is known that 2,6-diethylaniline is degraded into aniline, which is then further
degraded into catechol. However, GC-MS analysis did not detect either aniline or catechol
as metabolites in this study. Despite this, the butachlor-degrading bacterial strains O4
pairs, G4-2 and O18, were found to be unable to utilize aniline as a carbon source, but
they were able to utilize catechol. This suggests that these bacterial strains transform
2,6-diethylaniline into catechol via an intermediate other than aniline. During the course
of this study, a peak corresponding to 4-amino-3,5-diethyl phenol (ADEP) was detected
in the butachlor biodegradation process by the O4 syntrophic pair (Figure 3C). According
to previous studies, ADEP is produced through the oxidation of DEA [27]. Furthermore,
when incubated with NADPH-fortified rat-liver microsomal enzymes, DEA was found to
generate ADEP as the major product of oxidation. Moreover, ADEP can be further oxidized
to DEBQI, which was identified as a minor metabolite during DEA oxidation [28].

In previous reports, it has been stated that the carcinogenic product 2,6-diethylaniline
is present in groundwater at twice the concentration of alachlor [27]. Our study revealed
that the butachlor-degrading bacteria isolated in this study were capable of utilizing 2,6-
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diethylaniline as the sole carbon source, indicating that the carcinogenic compound is not
accumulated in the degradation process of butachlor by these isolates.

According to the results of the degradation capability test presented in Table 2 and the
data obtained from GC-MS analysis shown in Figure 3, it seems that the O4 syntrophic pair
can degrade butachlor using CDEPA, DEA, ADEP, and catechol as degradation pathways
(Figure 4).
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This study successfully isolated and characterized four bacterial strains capable of
degrading butachlor, as well as five syntrophic pairs capable of breaking down butachlor
from rice paddy soils in Korea. Through phenotypic and metabolic assay, it was found that
the O4ab syntrophic pair degraded butachlor through a novel biodegradative pathway. The
strain O4a transformed butachlor to CDEPA, while strain O4b transformed CDEPA to DEA.
DEA was then transformed to ADEP, which further transformed to catechol before being
mineralized. These findings provide valuable insights into the behavior and characteristics
of butachlor-degrading bacteria and their potential use in bioremediation efforts.

The results of this study provide important insights into the potential for microbial
biodegradation of butachlor in contaminated environments. The isolation and characteri-
zation of a new bacterial strain capable of breaking down butachlor through a previously
unknown pathway suggest that there may be additional microorganisms with similar
capabilities waiting to be discovered. This has implications for the development of new
bioremediation strategies to remove butachlor and other chloroacetamide herbicides from
contaminated soils and water sources.

The ability of this newly isolated strain to degrade butachlor in a mineral medium
where butachlor serves as the sole carbon source indicates its potential as a tool for the
bioremediation of contaminated sites. The identification of metabolic intermediates through
gas chromatography–mass spectrometry analysis provides a more comprehensive under-
standing of the biodegradation pathway of butachlor, which can be useful in developing
strategies to enhance the efficiency and effectiveness of microbial degradation.

5. Conclusions

In conclusion, four different bacteria and five different syntrophic pairs of bacteria
capable of degrading butachlor were isolated from rice paddy soils in Korea. All single
isolates and syntrophic pairs were able to utilize butachlor as a sole carbon and energy
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source. Among these isolates, the O4ab syntrophic pair degraded butachlor through a novel
biodegradative pathway. The strain O4a transformed butachlor to CDEPA, while strain
O4b transformed CDEPA to DEA. DEA was then transformed to ADEP, which further
transformed to catechol before being mineralized. This study highlights the potential for
microbial biodegradation as a viable strategy for removing butachlor from contaminated
environments. The discovery of a new strain capable of breaking down butachlor through
a novel pathway provides a promising avenue for further research and development
of bioremediation technologies. This can contribute to the development of sustainable
agricultural practices that minimize the negative impacts of herbicides on the environment
and human health.
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