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Abstract
The herbicide butachlor has been used in huge quantities worldwide, affecting various environmental systems. Butachlor residues
have been detected in soil, water, and organisms, and have been shown to be toxic to these non-target organisms. This paper briefly
summarizes the toxic effects of butachlor on aquatic and terrestrial animals, including humans, and proposes the necessity of its
removal from the environment. Due to long-term exposure, some animals, plants, and microorganisms have developed resistance
toward butachlor, indicating that the toxicity of this herbicide can be reduced. Furthermore, we can consider removing butachlor
residues from the environment by using such butachlor-resistant organisms. In particular, microbial degradation methods have
attracted much attention, with about 30 kinds of butachlor-degrading microorganisms have been found, such as Fusarium solani,
Novosphingobium chloroacetimidivorans, Chaetomium globosum, Pseudomonas putida, Sphingomonas chloroacetimidivorans,
and Rhodococcus sp. The metabolites and degradation pathways of butachlor have been investigated. In addition, enzymes
associated with butachlor degradation have been identified, including CndC1 (ferredoxin), Red1 (reductase), FdX1 (ferredoxin),
FdX2 (ferredoxin), Dbo (debutoxylase), and catechol 1,2 dioxygenase. However, few reviews have focused on the microbial
degradation and molecular mechanisms of butachlor. This review explores the biochemical pathways and molecular mechanisms
of butachlor biodegradation in depth in order to provide new ideas for repairing butachlor-contaminated environments.

Key points
• Biodegradation is a powerful tool for the removal of butachlor.
• Dechlorination plays a key role in the degradation of butachlor.
• Possible biochemical pathways of butachlor in the environment are described.
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Introduction

Butachlor (N-(butoxymethyl)-2-chloro-N-2′,6′-dimethyl acet-
anilide) is a kind of herbicide which is mainly used to kill
grass weeds and many broad-leaved weeds. It is a

chloroacetamide herbicide that inhibits early plant develop-
ment by inhibiting the biosynthesis of very-long-chain fatty
acids (VLCFAs) in microsomes (Matthes and Böger 2002;
Trenkamp et al. 2004). As a selective and systematic herbi-
cide, it can inhibit the enzyme and inhibit the extension of the
VLCFAs (Abigail et al. 2015). It has been widely used in
Asia, South America, and Africa to inhibit the synthesis of
protein lipids and lignin in weeds, as well as to control some
broad-leaved weeds and a range of annual grasses. In agricul-
tural production, it is commonly used as an early herbicide
before or after the emergence of wheat, vegetables, peanut,
barley, beet, cotton, rapeseed, and other crops (Dwivedi
et al. 2010). The half-life of butachlor in non-sterile soil is
2.67–29.79 days, differing in different soil environments
(Guo et al. 2010; Kaur et al. 2017; Mohanty and Jena 2019;
Kaur and Goyal 2020).
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Butachlor is highly effective and low toxic, so it is widely
used all over the world. However, the residual butachlor may
negatively harm non-target organisms in the environment due
to its extensive use (Jolodara et al. 2021; Toan et al. 2013).
After extensive scientific tests, the presence of butachlor has
been detected in river silt, plants, and animals all over the
world (Chau et al. 2015; Kaur et al. 2018; Deknock et al.
2019; Gautam et al. 2020). It is suspected to be a carcinogen,
neurotoxin, genetic toxin, which can persist in environments,
thus having toxic effects on living systems (Anbumani and
Mohankumar 2014; Shuman et al. 2017; Griffith et al.
2018). Butachlor not only affects lipid biosynthesis, but also
has adverse effects on other metabolic processes and redox
homeostasis (Agrawal et al. 2014). The bioavailability of in-
secticides is determined by their properties, the properties of
the soil, and the absorption routes of earthworms. The dissi-
pation of butachlor in the natural environment can lead to both
abiotic and biological effects (Fig. 1) (Abigail et al. 2015;
Mukherjee et al. 2018; Torabi et al. 2020). In order to deal
with the risk of butachlor from the outside environment, non-
target organisms may possess butachlor biotransformation
mechanisms, as shown in Fig. 2 (Ademola et al. 1993;
Kitamoto et al. 2011; Ou and Lin 1992). When catalyzed by
cytochrome P450 and arylamidase from human skin or rat
liver microsomes, butachlor was converted into 4-amino 3,5-
diethylphenol (Coleman et al. 2001). Another explanation for

the detoxication of butachlor is that it is finally converted into
mercapturate in the liver under the catalysis of coenzyme A
(coA) and other transferases (Ademola et al. 1993; Ou and Lin
1992).

To reduce butachlor pollution in the environment, previous
studies have confirmed the existing physical and chemical
methods that can effectively degrade butachlor, such as
nanophotocatalysis, anodic Fenton treatment, and filtration
and batch adsorption (Friedman et al. 2006; Hosseini and
Toosi 2019; Mahmoodi et al. 2007). However, biodegradation
and in situ bioremediation have attracted the attention of re-
searchers and are more environmentally friendly methods
(Bhatt et al. 2021; Birolli et al. 2018; Cycoń et al. 2017;
Pang et al. 2020). Microorganisms can perform soil bioreme-
diation more quickly, effectively, and safely, minimizing the
adverse health and environmental effects of butachlor pesti-
cides (Kaur and Goyal 2020; Singh and Kadapakkam 2018;
Zhang et al. 2011). At present, there are many bacteria known
to degrade butachlor, but only three strains of fungi
(Chakraborty and Bhattacharyya 1991; Li et al. 2019; Liu
et al. 2012; Raut and Kulshrestha 2008; Singh and
Kadapakkam 2018). Some studies have explored the microbi-
al degradation pathways of butachlor, but the degradation
mechanisms of butachlor still need further systematic study.
Microorganisms and their enzymes have been proven to be
effective for the biodegradation of butachlor. However, few

Fig. 1 The fate and occurrence of butachlor into the environment
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reviews have focused on the microbial degradation and mo-
lecular mechanisms of butachlor. In this review, we provide
insights into the microbial degradation of butachlor, consider-
ing microbial strains, metabolic pathways, and molecular
mechanisms.

Toxicity of butachlor

Due to its long and widespread use, butachlor is always de-
tected in soil, plants, and surface water. Its residues continu-
ally damage subsequent crops, especially crops in sandy soils
with low organic matter. Butachlor not only affects lipid bio-
synthesis, but also has adverse effects on other metabolic pro-
cesses and redox homeostasis (Agrawal et al. 2014).
Butachlor has been reported to be toxic to algae in aquatic
systems and to have an adverse effect on nitrogen fixation
(Singh and Singh 2013; Chen et al. 2020). In fact, low doses
of butachlor may disrupt the growth of cyanobacteria in paddy
fields and be beneficial for paddy fields with neutral to alka-
line soil pH (Kumari et al. 2012). However, the excessive use
of butachlor in agriculture has led to non-target hazards and
environmental pollution.

Butachlor residues are commonly detected in water, so
aquatic toxicity is usually the first concern and research.
Butachlor is a persistent pollutant in water, having nega-
tive effects on different aquatic species, such as catfish
and goldfish (Farombi et al. 2008; Karami et al. 2016).
Butachlor significantly reduced the sperm quality of male
rainbow trout (Oncorhynchus mykiss) and resulted in en-
docrine disruption (Ahmadivand et al. 2015; Ahmadivand
et al. 2016). Water is the source of life, and the pollutants
in water will be ingested by aquatic organisms and con-
tinuously enriched in the food chain.

Butachlor is not only harmful to aquatic life, but also highly
toxic to land animals. Cane toads exposed to butachlor show a
stunted growth and thyroid dysfunctions, suggesting that
butachlor is harmful to amphibians (Shuman et al. 2020).
Watery droppings, dullness, looseness of feathers, depression,
and decreased chirping frequency were observed in male
Japanese quails fed with butachlor. Significantly lower values
of red blood cells, cell-specific volume percentage, and hemo-
globin were recorded in male Japanese quails. These results sug-
gest that butachlor has adverse effects on the blood and testicles
of birds (Hussain et al. 2014). The toxicity of butachlor to ani-
mals makes us realize its harmfulness to human beings and re-
minds us to be more careful with pesticide residues.

In fact, butachlor can cause harm to our bodies, either directly
or indirectly. The herbicide butachlor has been classified as hav-
ing a strong neurotoxicity and genotoxicity, which poses a po-
tential health threat to ecosystems and humans (Kim et al. 2011;
Dwivedi et al. 2012; Seok et al. 2012; Takahashi et al. 2020).
When exposed to butachlor, reactive oxygen species (ROS) are
produced in cells, leading to mitochondrial dysfunction, oxida-
tive DNA damage, chromosome breakage, and so on, which
eventually lead to massive necrosis of peripheral blood mononu-
clear (PBMN) cells (Dwivedi et al. 2012). Furthermore, pollut-
ants are bad for aquatic organisms and human health throughout
the food chain (Gao et al. 2015). Therefore, the potential damage
caused by residual butachlor cannot be ignored from the perspec-
tive of animals, plants, and human beings, which indicates the
importance of removing it.

Degradation of butachlor

Pesticide degradation means that the structure of a pesticide
becomes simpler in the environment, thus reducing or

Fig. 2 Proposed pathways for biotransformation of butachlor by mammals
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eliminating its toxic effects. The half-life of butchalor is about
640 days in sterile soil or 11.4 days in non-sterile soil, indi-
cating that degradation is the main route of its dissipation
(Zheng et al. 2012). Butachlor residues in soil or wastewater
are mainly degraded by microorganisms, where the degrada-
tion rate depends on the type of pesticide and the moisture
content, redox state, and microbial species of the soil.
Inoculation with microbial target herbicides is an effective
way to achieve the rapid degradation of herbicides in soil.
Bacteria, fungi, algae, actinomycetes, and yeasts have been
reported to be effective for the biodegradation of organic pol-
lutants (Bhatti et al. 2017; Kaur and Goyal 2020; Kitamoto
et al. 2011; Raut and Kulshrestha 2008). However, only bac-
teria and fungi have been reported as being capable of
degrading butachlor and there must still be other kinds of
butachlor-degrading microorganisms waiting to be discov-
ered, as indicated in Table 1.

Butachlor degradation potential of microorganisms

The degradation of acetanilide herbicides in soil is mainly
mediated by microorganisms. In order to efficiently screen
for microorganisms useful for butachlor degradation, scien-
tists often take samples in targeted contaminant enrichment
sites, such as sewage plants, pharmaceutical plants, and fields
(Chu et al. 2016; Lin et al. 2020).

Fusarium solani and Chaetomium globosum have been
isolated from soil by an enrichment technique, which metab-
olized butachlor into 6 and 4 metabolites, respectively, in in-
organic salt solution (Raut and Kulshrestha 2008). As the first
biodegradable chloroacetamide herbicide reported at the en-
zyme level, Rhodococcus sp. strain B1 is able to degrade
100 mg L−1 butachlor in 5 days (Liu et al. 2012). The alkyl
side chains of acetochlor and butachlor can be completely
degraded by Rhodococcus sp. T3-1 at 100 mg L−1 within 6
days (Hou et al. 2014). Pseudomonas is ubiquitous in nature
and plays an important role in metabolic activities, such as the
degradation of exogenous pollutants, element cycling, and
biogenesis. Pseudomonas putida strain ER1 is able to grow
inMSMwith butachlor acting as the only carbon and nitrogen
source. At pH 7.0, the initial concentration of 50 mg L−1

butachlor was degraded by more than 80% within 3 days
(Wang et al. 2007). In addition, many bacteria showed degra-
dation activity to butachlor, such as Novosphingobium
chloroacetimidivorans sp. nov. BUT-14T, Sphingomonas
chloroacetimidivorans sp. nov., and Paracoccus sp. FLY-8
(Chen et al. 2014; Chen et al. 2015; Zhang et al. 2011).
Interestingly, cyanobacterium Nostoc muscorum was found
to have the potential to degrade 5 mg L−1 of butachlor for
the first time (Anees et al. 2014). More highly efficient biode-
gradable bacteria may yet be found in the environment.

In general, mixed degradation colonies can improve the
degradation efficiency of butachlor, due to the combination

of their unique degradation potentials (Bhatt et al. 2021).
Mycobacterium sp. J7A and Sphingobium sp. J7B worked
together to degrade butachlor completely. Mycobacterium
sp. J7A can take advantage of the alkyl side chain of butachlor
as its carbon source and energy source to accumulate 2-
chloro-N-(2,6-diethylphenyl) acetamide (CDEPA) and grow
slightly on it. Then, Sphingobium sp. J7B can utilize the
CDEPA to completely degrade butachlor (Kim et al. 2013).
Natural butachlor catabolism bacterial Enterobacter cloacae
strains FP1, FP2, and FP4 were isolated from soil contaminat-
ed by pesticide preparation unit wastewater in India, where the
FP2 strain showed the highest degradation efficiency. This
microbial strain can use butachlor as its only carbon and en-
ergy source in mineral salts medium (MSM), showing a bio-
degradation efficiency of 1.67 mg·(L h)−1 of butachlor
(Mohanty and Jena 2018b). The combination of different mi-
croorganisms in the community may be a favorable opportu-
nity to completely degrade butachlor into benign end-prod-
ucts. Therefore, it is necessary to examine the internal connec-
tions of the microorganism and test its joint degradation
ability.

Environmental factors have a great influence on the growth
of microorganisms. Therefore, various process parameters are
optimized to maximize the utilization of microorganisms and
thus improve the biodegradation efficiency (Bhatt et al. 2020).
At optimum conditions of 30 °C and pH 7.0, Paracoccus sp.
Y3B-1 degraded 65.5% of butachlor in 3 days (Ni et al. 2011).
At the lowest cell density, with environment of 37 °C and pH
7, the Bacillus altitudinis strain A16 isolated from coal-tar
contaminated soil degraded 90% of 50 mg L−1 butachlor,
showing excellent butachlor removal ability. Through batch
culture and soil inoculation, Bacillus altitudinis can be used
for the bioremediation of butachlor in soil with low bioavail-
ability (Kaur and Goyal 2020). At an initial pH of 6–9 and
temperature 15–35 °C, the new strain Catellibacterium caeni
sp. nov DCA-1T degraded 81.2% of 50 mg L−1 butachlor in
84 h (Zheng et al. 2012). The maximum degradation of
butachlor by the Serratia Ureilytica strain AS1 was 2.08
mg·(L h)−1 under the optimal conditions of 32.5 °C culture
temperature, pH 7.5, and 10% (V/V) inoculation (Mohanty
and Jena 2018a). In general, the response surface methodolo-
gy (RSM) is used to determine the optimal culture conditions
for pollutant biodegradation.

Butachlor biodegradation and its resource utilization

The vegetation type also has a great influence on the biodeg-
radation of herbicides in soil. Compared to soil without rhizo-
sphere, the biodegradation rate of butachlor was significantly
higher in the rhizosphere soil of Phragmites australis and
Acorus calamus (Yang et al. 2013). In wheat rhizomes, espe-
cially those inoculated with a bacterial community capable of
degrading butachlor, the degradation of butachlor was greatly
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Table 1 Butachlor-degrading strains from various sources.

S.NO. Strains Sources Comments References

1 Anabaena sp. PCC 7120 No data N2-fixing cyanobacterium Agrawal et al.
2014

2 Anabaena L31 No data N2-fixing cyanobacterium Agrawal et al.
2014

3 Fusarium solani Kalyani, West Bengal, India In a 0.02 M KH2PO4 buffer solution at pH 5.2 Chakraborty and
Bhattacharyya
1991

4 Fusarium oxysporum Kalyani, West Bengal, India In a 0.02 M KH2PO4 buffer solution at pH 5.2 Chakraborty and
Bhattacharyya
1991

5 Enterobacter cloacae FP2 The soil contaminated with the effluents
from pesticide formulation units of
Odisha, India.

Taking butachlor as the only carbon source and
energy source in mineral salts medium (MSM)

Mohanty and
Jena 2018b

6 Catellibacterium caeni sp.
nov DCA-1T

China General Microbiological Culture
Collection Center (no 1.7745)

Degraded 81.2% of 50 mg L−1 butachlor in 84 h Zheng et al. 2012

7 Sphingomonas
chloroacetimidivorans
sp. nov.

Activated sludge 68 ± 8.7% of 100 mg·L-1 butachlor was degraded
after incubation for 7 days at 30 °C

Chen et al. 2015

8 Sphingomonads DC-6 Activated sludge in Jiangsu province,
China

Containing two putative [2Fe-2S] ferridoxin
genes and one glutathione reductase (GR) type
reductase gene

Chen et al. 2014

9 Sphingomonads DC-2 Activated sludge in Jiangsu province,
China

Containing two putative [2Fe-2S] ferridoxin
genes and one glutathione reductase (GR) type
reductase gene

Chen et al. 2014

10 Roseomonas
chloroacetimidivorans
sp.nov.

Activated sludge Could degrade 48.6 ± 6.5% butachlor in 4 days at
the initial concentration of 100 mg L−1

Chu et al. 2016

11 Stenotrophomonas
acidaminiphila JS-1

Herbicide-contaminated sandy loam soil
of wheat rhizosphere

It was capable of utilizing butachlor as a sole
source of carbon and energy

Dwivedi et al.
2010

12 Bacillus sp. hys-1 Activated sludge Degraded more than 90% of butachlor at a
concentration of 100 mg L−1 within 7 days

Gao et al. 2015

13 Rhodococcus sp. T3-1 Soil sample Degraded 100 mg L−1 of acetochlor and butachlor
within 6 days

Hou et al. 2014

14 Bacillus altitudinis A16 Coal tar contaminated soil Utilized butachlor as a sole source of carbon and
degraded 90% of 50 mg L−1 butachlor in 5 days

Kaur and Goyal
2020

15 Mycobacterium sp. J7A Rice paddy soil Degraded 100 mg·L-1 butachlor at 28 °C within
24 h

Kim et al. 2013

16 Sphingobium sp. J7B Rice paddy soil Degraded 100 mg L−1 butachlor at 28 °C within
24 h

Kim et al. 2013

17 Paracoccus No data Oxidizes different substituents of butachlor Li et al. 2019

18 Geobacter No data Oxidizes different substituents of butachlor Li et al. 2019

19 Thauera butanivorans No data Oxidizes different substituents of butachlor Li et al. 2019

20 Rhodococcus sp. B1 Rice field in Changzhou, Jiangsu
province, China

Degraded 100 mg L−1 butachlor within 5 days Liu et al. 2012

21 Serratia ureilytica AS1 Agricultural field in Odisha, India Maximum degradation is 2.08 mg·(L h) −1 under
optimal conditions

Mohanty and
Jena 2018a

22 Fusarium solani The fields of New Delhi Converts butachlor into six metabolites Raut and
Kulshrestha
2008

23 Chaetomium globosum The fields of New Delhi Converts butachlor into four metabolites Raut and
Kulshrestha
2008

24 Ammoniphilus sp. JF Agricultural fields of Punjab Degraded 100 mg L−1 of butachlor completely
within 24 h

Singh and
Kadapakkam
2018

25 Pseudomonas putida ER1 Agricultural soil in Shandong, China Over 80% of the initial butachlor was degraded. Wang et al. 2007

26 Paracoccus sp. FLY-8 Rice field soil Degrades and utilizes most acetamide herbicides Zhang et al. 2011
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enhanced (Yu et al. 2003). Interestingly, Stenotrophomonas
acidaminiphila JS-1 not only can grow effectively on mineral
salt mediumwith a concentration range of 0.32–9.6 mmol L−1

of butachlor, but also has the unique auxiliary properties of
plant growth stimulation (Dwivedi et al. 2010). Combined
plant–microbe remediation is a very worthwhile line to study,
providing benefits to both plant growth and pesticide
degradation.

Interestingly, Si has been reported to reduce the toxicity of
butachlor to rice seedlings. Butachlor has toxic effects by in-
ducing and increasing the accumulation of free proline, while
Si reverses this process and plays a detoxification role (Tripthi
et al. 2020). Therefore, the application of Si fertilizer in a
paddy field can reduce the harmful impact of butachlor herbi-
cide pollution, which is an important direction in the removal
of butachlor poison.

At present, microbial electrochemical technologies, such
as microbial fuel cells (MFCs), provide an inexhaustible
supply of solid anodes as electron receptors, which are able
to efficiently and rapidly degrade environmental pollutants
in anoxic environments while generating electricity from
electrically active microorganisms (Bhatt et al. 2019). In
addition, MFCs with butachlor as the only accompanying
carbon source have power generation capacity. In MFCs,
Paracoccus, Geobacter, and Thauera butanivorans can
proliferate with butachlor and sodium acetate as accompa-
nying carbon sources. These three species can oxidize dif-
ferent substituents of butachlor, thus having important pros-
pects in the bioremediation of organic compounds (Li et al.
2019). In constructed single-chamber MFCs, with
Paracoccus and Geobacter microbes using butachlor as
the sole carbon source and Thauera butanivorans using
butachlor as the accompanying carbon source, the butachlor
was efficiently degraded by 90% within 1 day (Li et al.
2019). If harmful substances can be converted into useful
substances, this will be an effective way to remove pollution
from the environment.

Pseudomonas sp. But2 can form a good biofilm and use
butachlor as the only source of carbon, nitrogen, and energy
and can completely degrade 50 mg L−1 of butachlor within
30 h (Duc et al. 2020). The Acinetobacter baumannii strain,
DT, can efficiently utilize butachlor and propanil as the only
carbon and nitrogen sources in a biofilm-batch reactor (Duc
et al. 2020; Oanh et al. 2020). Research has shown that the
“Gene Drives” method can persistently promote the degrada-
tion of pollutants by local microorganisms with minimal dis-
ruption to the ecosystem, which is a long-term and effective
genetic technology (French et al. 2020). Therefore, it can be
inferred that the biofilm reactor may also be an interesting
direction for butachlor bioremediation.

Molecular mechanisms of butachlor
biodegradation

Bacterial degradation mechanisms

The process of bacterial degradation of butachlor has been
observed to occur by hydrolysis, including two pathways:
deacylation and dealkylation (Fig. 3). In the first pathway,
butachlor was first induced by deacylation and loss of acetyl
group to form N-(butoxymethyl)-N-(2-chloroethyl)-2,6-
diethylaniline. Further, the continuous catalytic formation of
N-(butoxymethyl)-2,6-diethyl-N-propylaniline and
N-(butoxymethyl)-2-ethylaniline occurs, due to the hydrolysis
of chlorine atoms and dealkylation of nitrogenous alkyl chains
(Kaur and Goyal 2020; Singh and Kadapakkam 2018). In
addition, it has been found that dechlorination may form
(2,6-diethylphenyl) (ethoxymethyl) carbamic acid before
deacylation (Zheng et al. 2012).

Dealkylation plays an important role in the process of bac-
terial degradation of butachlor. In the second pathway, differ-
ent sequences of dealkylation at different locations lead to
different degradation products and degradation directions. In

Table 1 (continued)

S.NO. Strains Sources Comments References

27 Paracoccus sp. Y3B-1 Activated sludge Degraded 65.5% of butachlor in 3 days Ni et al. 2011

28 Novosphingobium
chloroacetimidivorans
sp. nov. BUT-14T

Activated sludge Degraded more than 90% of butachlor within 5
days

Chen et al. 2014

29 Mycobacterium sp. J7A and
Sphingobium sp. J7B

Rice paddy soil Degraded 100 mg L−1 of butachlor rapidly within
24 h

Kim et al. 2013

30 Paracoccus, Geobacter and
Thauera butanivorans

Microbial fuel cells Degraded 90% of butachlor within 1 day Li et al. 2019

31 Pseudomonas sp. But2 Soil Completely degraded 50 mg L−1 of butachlor
within 30 h

Duc et al. 2020

32 Acinetobacter baumannii
DT

Soil Degraded 50 mg L−1 butachlor completely in 48 h Duc et al. 2020
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this pathway, the most common products are 2-chloro-N-(2,6-
diethylphenyl) acetamide and butoxymethanol, as the C–N
bond of the branch chain of butachlor is unstable and most
easily hydrolyzed (Kaur and Goyal 2020; Kim et al. 2013; Liu
et al. 2012). Importantly, several functional enzymes have
been isolated and shown to act in the N-dealkylation of
butachlor; namely, ChlH, CndA, CndB1, and CndC1 (Chen
et al. 2014; Liu et al. 2012). In contrast, the enzyme Dbo was
isolated and demonstrated to be capable of degrading the C–O
bond of butachlor (Gao et al. 2015). Therefore, butachlor can
be continuously produced to 2-chloro-N-(2,6-diethylphenyl)-
N - m e t h y l a c e t a m i d e , 2 - c h l o r o - N - ( 2 , 6 -
diethylphenyl)acetamide, and 2,6-diethlaniline by Dbo (Gao
et al. 2015). In addition, when dealkylation occurs in the

benzene ring of butachlor, it can generate N-(butoxymethyl)-
2-chloro-N-(2-ethylphenyl)acetamide, followed by
N-(butoxymethyl)-2-ethylaniline (Kaur and Goyal 2020). In
the degradation pathway of Catellibacterium caeni sp. nov
DCA-1T, the novel product N-(2,6-diethylphenyl)-
N-(hydroxymethyl) formamide was detected, which could be
converted to 2,6-dilaniline in a short time (Zheng et al. 2012).
In the end, all of the above intermediates can be degraded into
aniline, catechol, and muconic acid respectively, which will
be converted into water and carbon dioxide eventually.
Among the above steps, two oxygenases extracted from
Paracoccus sp. fly-8 played important catalytic roles, aniline
dioxygenase and catechol 1,2-dioxygenase (Zhang et al.
2011). Many butachlor degradation bacteria and their

Fig. 3 Proposed pathways for biodegradation of butachlor by bacteria
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degradation products have been studied in great depth, but
many more degrading enzymes and genes deserve to be iso-
lated and identified.

Fungal degradation mechanisms

At present, only 3 strains of fungi are known to degrade
butachlor; however, the degradation products of fungi have
been studied in detail in the literature. In this paper, the previ-
ous knowledge is summarized into the following degradation
pathways, as shown in Fig. 4 (Chakraborty and Bhattacharyya
1991; Raut and Kulshrestha 2008).

The processes of fungal degradation of butachlor mainly
involve de-chlorination, hydroxylation, dehydrogenation,
debutoxymethylation, dealkylation, and cyclization. The
products of de-chlorination and dealkylation are basically
the same as the bacterial degradation pathway 2, all of which
include the products, 2-chloro-N-(2,6-diethylphenyl) acet-
amide and 2,6-diethylaniline. However, 2-chloro-N-(2,6-
diethylphenyl) acetamide is broken down by bacteria to 2,6-
diethlaniline, but a dual ring compound is produced in fungi.
Another difference was that the compound 2,6-diethylaniline
was further degraded by oxidative decomposition in bacteria,
while 1-ethyl-3-methylbenzene was formed in fungus, which

was not further degraded. Compared with the bacterial degra-
dation process, the products of butachlor degradation by fungi
are characterized by cyclization. Multiple rings are produced
in various products in fungi, which does not seem to make the
products more easily degradable. Many related products have
been found in the fungal degradation processes of butachlor,
but there is no mineralization process (Chakraborty and
Bhattacharyya 1991; Raut and Kulshrestha 2008). In addition,
more butachlor degrading-related fungal enzymes and genes
remain to be discovered.

Enzymes and encoding genes related to butachlor
biodegradation

The reason why microorganisms can be widely used in pesti-
cide degradation treatment is that strong catalytic biochemical
enzymes are produced by microorganisms (Mishra et al.
2020). When pesticides are mixed with microorganisms, the
microorganisms can rapidly increase the number of enzymes
they contain or form enzymes with degradation effects due to
rapid genetic adaptations (Satish et al. 2017). Under the action
of enzymes, pesticides can be degraded into simple inorganic
compounds. In addition, the risk of environmental threat can

Fig. 4 Proposed pathways for biodegradation of butachlor by fungi
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be reduced if microbial enzymes are used to treat pesticide
residues, rather than directly using microbial strains.

A powerful tool for studying the reactions of cells to toxins
is proteomic analysis, which has led to the discovery of new
domestication mechanisms. As a key separation technique in
proteome analysis, two-dimensional gel electrophoresis has
the advantages of simultaneously separating and revealing
thousands of proteins at a time. Therefore, two-dimensional

gel electrophoresis has become a common determination
method (Wang et al. 2007). The enzymes of butachlor
degrading bacteria and the resistant proteins of animals are
summarized in Table 2, and their evolutionary relationship is
shown in Fig. 5.

In three species of Anabaena sp. PCC 7120, Anabaena
Doliolum, and Anabaena L31.75, a cluster of high-
abundance proteins was found to be related to high resistance

Table 2 Butachlor-degrading enzymes from microorganisms

S.NO. Protein/enzymes Sources Comments References

1 atpA Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Photosynthesis; ATP synthase Agrawal et al.
2014

2 groEL Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Protein folding Agrawal et al.
2014

3 OR Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Other function Agrawal et al.
2014

4 AGTase Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Alpha-glucanotransferase Agrawal et al.
2014

5 Alr0803 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Alr0803 can accumulate under various stress
conditions

Agrawal et al.
2014

6 Alr0806 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

A high light inducible protein homologue Agrawal et al.
2014

7 Alr3090 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Putative catalase; functions as Mn catalase Agrawal et al.
2014

8 Alr3199 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Alr3199 contains two hemerythrin domains in the
C-terminal region

Agrawal et al.
2014

9 All4050 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Photosynthetic reaction center domain containing
proteins

Agrawal et al.
2014

10 All4051 Anabaena sp. PCC 7120, Anabaena doliolum and
Anabaena L31. 75

Photosynthetic reaction center domain containing
proteins

Agrawal et al.
2014

11 Dbo Bacillus sp. hys-1 Debutoxylase Gao et al.
2015

12 AKR17A1 Anabaena sp. PCC7120 A novel aldo/keto reductase Agrawal et al.
2015

13 ChlH Rhodococcus sp. B1 Hydrolase Liu et al. 2012

14 Aniline
dioxygenase

Paracoccus sp.
FLY-8

Oxygenase Zhang et al.
2011

15 Catechol
1,2-dioxygenase

Paracoccus sp.
FLY-8

Oxygenase Zhang et al.
2011

16 CndB1 Sphingomonads DC-6 Ferredoxin Chen et al.
2014

17 CndB2 Sphingomonads DC-6 Ferredoxin Chen et al.
2014

18 Fdx-1 Sphingomonads DC-2 Ferredoxin Chen et al.
2014

19 Fdx-2 Sphingomonads DC-2 Ferredoxin Chen et al.
2014

20 CndC1 Sphingomonads DC-6 Reductase Chen et al.
2014

21 Red-1 Sphingomonads DC-2 Reductase Chen et al.
2014
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to butachlor; these are atpA, groEL, OR, AGTase, Alr0803,
Alr0806, Alr3090, Alr3199, All4050, and All405 (Agrawal
et al. 2014). Senior researchers have identified the 744 bp
debutoxylase, named Dbo, which shows the highest activity
to degrade butachlor. Dbo had the highest activity of butachlor
degradation at a pH of 6.5 and temperature of 30 °C, where
metal ions play an important role in Dbo activity (Gao et al.
2015). The hydrolase ChlH can hydrolyze the dealkylation of
the side chain of butachlor. The best working conditions of
ChlH are pH 7.0–7.5 and 30 °C, which has been shown to
catalyze the dealkylation of other chloroacetamide herbicides
(Liu et al. 2012). AKR17A1 not only can metabolize
butachlor, but can also withstand various stresses and use
NADPH as a cofactor of enzyme activity (Agrawal et al.
2015). Aniline dioxygenase and catechol 1,2-dioxygenase
play important roles in the degradation of butachlor, being
catalytic enzymes of aniline (Zhang et al. 2011).

The SphingomonadsDC-6 and DC-2 have been developed
in depth. Reductase and Ferredoxin components separated
from Sphingomonads DC-6 and DC-2 played an important
role in the degradation of butachlor. For example, CndB1
and CndC1 showed high N-dealkylase activities in this pro-
cess (Chen et al. 2014). Otherwise, genes encoding degrading
enzymes have been identified in Sphingomonads DC-6 and
DC-2, which are cndC1, red1, fdx1, and fdx2 (Chen et al.
2014). Most of the butachlor-degrading enzymes and genes
remain to be isolated and identified, and the enzymes that have
been discovered need to be used more efficiently.

Conclusions and future prospects

Butachlor plays an extremely important role in agricultural pro-
duction, and its wide application inevitably causes environmental
impacts. Recently, the impact of butachlor residues on non-target
organisms in the environment has aroused concern about environ-
mental and human safety. Compared with the more expensive
physical and chemical methods, such as advanced oxidation,

scientists have been actively trying to use resistant organisms to
removeor convert butachlor.Animals, plants, andmicroorganisms
that are resistant to butachlor have been identified. However, at
present, the most well-understood method is microbial degrada-
tion, while combined plant–microbial repair methods are well
worth further exploration. In addition, the microorganisms used
for butachlor research need to be further developed and modified,
through the use of technologies including genetic engineering,
metagenomics, proteomics, and immobilization techniques. The
development and utilization of degrading enzymes is also expected
to be an important factor in promoting the biodegradation of
butachlor. The recent development of high-throughput next-gen-
eration sequencing technologies could be helpful to explore the
routes of butachlor degradation in the future.
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