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• The environmental fate of S-ACT and R-
ACT in the soil was monitored.

• R-ACT and S-ACT induced significant
enantioselective toxicity on earth-
worms.

• R-ACT induced stronger stress re-
sponses in earthworms by mediating
signaling pathways.

• R-ACT may have a higher risk to the soil
environment than S-ACT.
⁎ Corresponding authors.
E-mail addresses: liutong@caas.cn (T. Liu), wangxiugu

https://doi.org/10.1016/j.scitotenv.2020.142630
0048-9697/© 2020 Elsevier B.V. All rights reserved.

Please cite this article as: Y. Liu, K. Fang, X. Zh
fetida) by mediating the signaling pathway..
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 August 2020
Received in revised form 21 September 2020
Accepted 23 September 2020
Available online xxxx

Editor: Daqiang Yin

Keywords:
Acetochlor
Enantiomer
Earthworm
Toxicity
Transcriptomic
Acetochlor (ACT) as a widely used chiral chloroacetamide herbicide is appropriate to evaluate the potential tox-
icity in soil ecosystems at enantiomeric level. The acute and subchronic toxicities of R-acetochlor (R-ACT) and S-
acetochlor (S-ACT) on earthworms (Eisenia fetida) were investigated in the present study. Residual analyses
showed that S-ACT degraded faster than R-ACT in artificial soil with half-lives of 16.5 and 21.7 d, respectively. Ad-
ditionally, significant enantioselective acute toxicity in earthworms from between S-ACT and R-ACT (p < 0.05)
was observed, and the acute toxicity of R-ACT were 1.9 and 1.5 times higher than those of S-ACT in the filter
paper test and artificial soil test. The hydroxyl radical (•OH−) content, superoxide dismutase (SOD) and antiox-
idant enzyme catalase (CAT) activities, and cytochrome P450 content in earthworms significantly increased
under the influence of ACT enantiomers; however, the acetylcholinesterase (AchE) activity was significantly
inhibited after exposure to the two enantiomers. Moreover, lipid peroxidation and DNA damage were induced
by ACT enantiomers. The results of transcriptome sequencing indicated that R-ACT induced a stronger oxidative
stress effect than S-ACT in earthworms by mediating signaling pathways, which may be the primary reason for
the enantioselective toxicity between S-ACT andR-ACT. Overall, the results demonstrated that R-ACT has a higher
risk than S-ACT in the soil environment, which is important for understanding the enantioselective behavior of
chloroacetamide pesticides.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction
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Acetochlor (ACT), as the most common selective chloroacetamide
herbicide, is generally used to control annual grasses and broadleaf
weeds in various crops (Li et al., 2016). Its effective weeding effect,
wide weed spectrum and moderate price have led it to become one of
the threemost frequently used herbicides in the global agriculturalmar-
ket; more than 10million kg of ACT have been used per year since 1977
in China (Li et al., 2016). Some studies have reported that ACT residue
concentrations in surface waters are higher than the environmental
levels permitted by the United States Environmental Protection Agency
and European Union (Chang et al., 2020; Foley et al., 2008). Further-
more, ACT is relatively stable in soil and the degradation half-life can
be up to 110 d (Hao et al., 2018; USEPA. United States Environmental
Protection Agency, 2004). Sun et al. (2011) detected that ACT concen-
trations ranged from 0.03 to 709.37 μg/kg in the riparian soils of north-
eastern China. At the same time, the risk of herbicide transfer was also
modeled, showing that ACT was detected in 97% of the samples (Sun
et al., 2013). The widespread contamination of ACTmay induce adverse
effects on organisms in soil environments.

A previous study showed that ACT induced DNA damage in earth-
worms, and their growth and reproduction decreased significantly
after exposure to more than 20mg/kg of ACT (Xiao et al., 2006a). Addi-
tionally, ACT could induce oxidative stress and decreased activities of
antioxidative enzymes in the liver of zebrafish (Danio rerio) and the
human liver carcinoma (HepG2) cell line (Chang et al., 2020; Huang
et al., 2020). At the same time, ACT as a chiral compound, has a pair of
enantiomers R-acetochlor (R-ACT) and S-acetochlor (S-ACT). Due to
the chiral structures of nucleic acids, proteins, and sugars, the
enantioselective behavior of chiral pollutants is evident inmany aspects
such as metabolism, absorption or toxicity (Liu et al., 2018). Because of
the different behaviors of chiral pesticides in the environment, it is cru-
cial to assess the risk of ACT at the enantiomer level. Xu et al. (2016)
found that the enantiomers of ACT exhibited enantioselective behavior
in the developmental toxicity and immunotoxicity of zebrafish em-
bryos. Xie et al. (2019) also reported the enantioselective environmen-
tal behavior, oxidative stress, and toxin release effect of ACT on harmful
cyanobacteria. However, the enantioselective toxicity to non-target or-
ganisms in the soil environment remains unclear. Thus, exploring the
enantioselective behavior of ACT is crucial in the soil ecosystem.

Earthworms are considered to be the most sensitive biomarkers for
soil contamination due to their sensitivity to toxic chemicals (Liu et al.,
2018; Ma et al., 2016). Therefore, the acute toxicity, oxidative stress re-
sponse, and transcriptomic analysis of ACT enantiomers on earthworms
(Eisenia fetida) were explored in the present study. Moreover, the
enantioselective degradation of ACT in soil was also investigated. The
results will be helpful for clarifying the enantioselectivity of the envi-
ronmental safety of ACT in soil ecosystems.
2. Materials and methods

2.1. Materials

R-ACT (99.3% purity) and S-ACT (99.3% purity) were separated from
their racemate (99.7% purity). The earthworms used in this experiment
were Eisenia fetida and purchased from a Qingdao ecological farming
company (China). The earthworms were acclimated by breeding them
in a mixture of sphagnum and cattle feces at 20 ± 2 °C for 14 d prior
to testing. Healthy adult earthworms with well-developed clitella and
weights of 350± 20mgwere selected to test the acute and chronic tox-
icity. The gut contents in earthworms were removed before the experi-
ment through placing them on moist filter paper for 24 h.

The artificial soil was prepared using themethod reported by theOr-
ganization for Economic Cooperation and Development (OECD), con-
taining industrial sand (70%), sphagnum peat moss (10%), and kaolin
clay (20%), and a pH of 6± 0.5 was achieved by adding calcium carbon-
ate (CaCO3) (OECD, 1984).
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2.2. Acute toxicity test

The acute toxicity of ACT enantiomers was determined according to
the OECD (1984) standard, containing the filter paper contact and arti-
ficial soil tests.

The concentration gradients of R-ACT and S-ACT were 53.1, 39.8,
26.6, 13.3, 6.6 and 3.3 μg/cm2 (ten for each test solution concentration)
in the filter paper contact test. The appropriately sized filter paper was
placed in glass tubes (8 × 3 cm) without overlapping. Then, 1 mL of
test solution or methanol solution (control) was added to ensure that
the filter paper wetted evenly and deionized water (1 mL) was added
after the methanol evaporated completely. One gut-cleansed earth-
wormwas placed in each glass tube, whichwas then sealedwith plastic
film; air circulation was ensured with breathing holes. The tubes were
kept in a dark environment at 20 ± 2 °C; earthwormmortality was de-
termined after 48 h.

For the artificial soil test, the concentration gradients of R-ACT and S-
ACT were 20, 50, 75, 100, 150, and 200 mg/kg (three replicates for each
concentration). The test chemicals were added to deionized water and
thoroughlymixedwith 500 g of artificial soil, and the soil moisture con-
tent was regulated to 35% of its dry weight. The samples were trans-
ferred to a glass beaker (1 L) containing 10 gut-cleansed earthworms.
The samples were kept in a lit environment at 20 ± 2 °C; earthworm
mortality was determined after 14 d.

2.3. Subchronic toxicity test

According to the maximum no-observed-effect concentrations ob-
served in the acute toxicity tests, the concentrations of R-ACT and S-
ACT were set at 20 mg/kg (five replicates for each treatment). The test
chemicals were sufficiently blended into 750 g of artificial soil. Twenty
gut-cleansed earthworms and well-mixed soil were transferred into a
glass beaker (1 L). All treatments were subjected to a 12-h light/dark
cycle at 20 ± 2 °C. On days 3, 7, 14, 28, and 42, three earthworms and
10 g of soil were randomly picked from each beaker of five replicates
to determine various indicators.

2.4. Residue analysis of S-ACT and R-ACT in soil

The test chemicals in soil (5 g)were extracted using deionizedwater
(5 mL) and acetonitrile (20 mL) in a centrifuge tube, which was ex-
tracted sufficiently through strongly vortexed at 2500 rpm for 5 min.
MgSO4 (4 g) and NaCl (1 g) were added to remove excess water and
then centrifuged for 5 min at 4000 rpm. Finally, the sample supernatant
was filtered using a 0.22-μm nylon syringe filter.

The effective concentrations of R-ACT and S-ACT were detected
using ultra-performance liquid chromatography tandem mass spec-
trometry. The chemicals were separated from the tested samples
using a Hypersil GOLD C18 column (Thermo; 2.1 × 100 mm, 3.0 μm)
with a flow rate of 0.25 mL/min and an injection volume of 2.0 μL. Ace-
tonitrile (A) and 0.1% formic acid water (B) were used as the mobile
phase, and 0–0.5 min (A/B, 10:90), 1–4 min (A/B, 90:10), and
4.1–5 min (A/B, 10:90) periods were used for the gradient elution pro-
gram. Positive electrospray ionization (ESI+) and the multiple reaction
monitoring mode (MRM) were used to detect the compound in the
sample. In addition, the qualitative ion pair was 270.2/148.1 m/z and
the quantitative ion pair was 270.2/224.0 m/z, with collision energies
of 17 and 10 eV, respectively.

The effectiveness of the analytical method was evaluated using re-
covery, linearity, limits of quantification (LOQs), and limits of detection
(LODs). The linearity of the analytical method was validated by adding
S-ACT and R-ACT solutions to the soil matrix at final concentrations of
0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 mg/kg. Additionally, the re-
covery was validated by adding S-ACT and R-ACT solutions to the blank
artificial soil at the additional levels of 0.01, 0.1, and 20mg/kg. The LODs
and LOQs were confirmed at signal-to-noise ratios of 3 and 10. The



Fig. 1. Residues of R-acetochlor and S-acetochlor in artificial soil. Data are expressed as the
mean ± SD of five replicates.
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results indicated that the residue analysis method of S-ACT and R-ACT
has high accuracy and sensitivity with good linearity and recovery.
The specific values are listed in Table S1.

2.5. Measurement of the •OH− content, DNA damage, and detoxifying
enzymes

The gut-cleansed earthworms were homogenized in a potassium
phosphate buffer (50 mM; w/v:1/10) at a pH of 7.8, and then centri-
fuged at 8000 ×g for 10 min at 4 °C. The sample supernatant was used
to determine the hydroxyl radical (•OH−) content, 8-hydroxy-2-
deoxyguanosine (8-OhdG) content, and cytochrome P450 (CYP450)
content.

The •OH− content, 8-OhdG content, and CYP450 contentwere deter-
mined according to the method of Zhang et al. (2020) using a kit
obtained from the ShangHai HengYuan Biological Technology Co., Ltd.
(Shanghai, China). The •OH− content, 8-OHdG content, and activity of
P450 in earthworms were detected by the double antibody sandwich
method. The •OH− in earthworms combined with the antibodies of
•OH− marked by HRP (Horseradish Peroxidase). Then, 3,3′,5,5′-
tetramethylbenzidine (TMB) was added to produce a chromogenic re-
action with the compound of antibody-antigen-antibody labeled by
the enzyme. The absorbance of the reaction solution was recorded at
450 nm. The detection principle and method of 8-OhdG and CYP450
are the same as those of •OH−.

2.6. Measurement of enzyme activities and lipid peroxidation

The acetylcholinesterase (AchE), catalase (CAT), and superoxide dis-
mutase (SOD) activities, as well as malondialdehyde (MDA) content,
were determined according to the method of Zhang et al. (2019)
using a kit obtained from the Suzhou Comin Biotechnology Co., Ltd.
(Suzhou, China). The extraction method of the enzyme solution is the
same as that presented in Section 2.5.

One nanomole of TNB (5-mercapto- nitrobenzoic acid) was pro-
duced by AchE per minute per milligram of protein, and the amount
of AchE was defined as one unit of AchE activity. The sample solution
contained 800 μL of buffer (Na2HPO4·12H2O and NaH2PO4·2H2O),
100 μL of enzyme solution, 50 μL of DTNB (5,5′-dithiobis-(2-
nitrobenzoic acid)), and 50 μL of acetylcholine chloride. The absorbance
of the reaction samples was recorded at 412 nm for 3 min.

One unit of CAT activity was defined as the degradation of 1 μmol of
H2O2 caused by 1mg of protein in 1min. The reaction sample contained
15 μL of enzyme solution, 90 μL of H2O2 solution, 300 μL of sodium chlo-
ride saturated solution, and 795 μL of ammonium molybdate solution.
The absorbance of the reaction sample was recorded at 405 nm.

One unit of SOD activity was defined as the amount of SOD, which
caused a photochemical reaction for half of the NBT (nitro-blue tetrazo-
lium). The reaction solution contained 50 μL of enzyme solution, 50 μL of
WST-8 solution, 800 μL of working solution (K2HPO4, KH2PO4, EDTA so-
lution, and xanthine oxidase), and 100 μL hypoxanthine. The reaction
samplewas thoroughlymixed and allowed to rested for 30min. The ab-
sorbance of the reaction samples was recorded at 450 nm.

The reaction samples were analyzed for their MDA contents
contained 0.2 mL of enzyme supernatant and 0.6 mL of TBA (thiobarbi-
turic acid) solution, whichwere putted in a 95 °Cwater bath for 30min.
The absorbance of the reaction solution was recorded at 532 nm.

2.7. Transcriptomic analysis

After 42 d, three gut-cleansed earthworms in each treatment were
picked randomly for transcriptome analysis. The degradation and con-
tamination of total RNA were monitored on 1% agarose gels. The purity
and integrity were assessed using a NanoPhotometer® spectrophotom-
eter (IMPLEN, CA, USA) and an RNANano 6000 Assay Kit (Agilent Tech-
nologies, CA, USA). A NEBNext®Ultra™ RNA Library Prep Kit (NEB, USA)
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wasused to create the library for transcriptome sequencing. An Illumina
HiSeq 4000 platform (Illumina, Inc., San Diego, CA) was used to se-
quence the qualified library, and paired-end reads were generated.
Clean data (clean reads) were obtained by removing reads containing
adapters to ensure the quality and reliability of data analysis. Tran-
scriptome assemblywas accomplished using Trinitywith all parameters
set to default. The p-value <0.05 and |log2 (foldchange)| > 1 was set as
the threshold for significantly different expressions. Pathway significant
enrichment of differentially expressed genes were annotated using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

2.8. Data analysis

The dissipation of S-ACT and R-ACT in artificial soil was simulated by
the first-order kinetic equation:

Ct ¼ C0 e−kt

where Ct represents the concentration (mg/kg) of test chemicals at time
t (day) in soil, C0 represents the initial concentration, and k represents
the dissipation rate constant. Among them, the k-value was used to cal-
culate the half-life (DT50 = ln2/k).

SPSS 22.0 software (Chicago, USA) was used to conduct data man-
agement and analyses, and Origin 8.5 software was used to complete
the figures. Date normality was analyzed using Shapiro-Wilk test and
the results showed all data followed a normal distribution. The homoge-
neity of variance was tested using Levine statistic test in SPSS. An anal-
ysis of variance was conducted to evaluate discrepancies, and all data
were expressed as the mean ± standard deviation (SD). LSD test was
performed to analyze significant differences (p < 0.05) among the con-
trol and exposure treatments.

The transcriptomic sequencing data were uploaded to the se-
quence read archive (SRA) of the National Center for Biotechnology
Information (NCBI) under BioProject accession No. PRJNA663354
(alias: SUB8134403).

3. Results and discussion

3.1. Residue analysis of S-ACT and R-ACT

The concentrations of pollutants should be monitored in the envi-
ronmental media because the degradation of pollutants is susceptible
to photolysis, microorganisms, etc. (Liu et al., 2018). The residue levels



Fig. 3. Statistical analysis of the acute toxicity in the filter paper content test, artificial soil
test and degradation half-life in artificial soil (*p < 0.05 between treatments).
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of S-ACT and R-ACT in artificial soilweremeasured,which facilitated the
comprehensive risk assessment of ACT in the environment (Fig. 1). The
degradation rates of S-ACT and R-ACT in artificial soil were rather fast,
which decreased by 81.7% and 74.6% during the entire exposure period,
respectively. Additionally, S-ACT and R-ACT degradation corresponded
to first-order kinetics, and the half-lives were 16.5 and 21.7 d, respec-
tively. Prior study noted that the degradation half-life of ACT in acritical
soil was between 9.3 and 15.6 d under laboratory conditions, which is
similar to that found in our research (Xiao et al., 2006b). Hao et al.
(2018) showed that the degradation of ACTwas faster in soilwith earth-
worms than that without earthworms, and the differential dissipation
of the enantiomers in the environment is related to various conditions,
such as the pH, oxygen, water content, temperature, abundance, and
degrading microorganism activity. These results indicate that the resi-
dues of S-ACT and R-ACT decreased rapidly in the artificial soil, and
the degradation rate of S-ACT was faster than that of R-ACT.

3.2. Acute toxicity test results

The results of the acute toxicities of S-ACT and R-ACT on earthworms
were shown in Fig. 2. Earthworm mortality increased as the exposure
concentrations of the two chemicals increased. The mortality rate was
more prominent in R-ACT treatments in the filter paper and artificial
soil experiments, which indicated that S-ACT and R-ACT presented dif-
ferent toxicity levels. The lethal concentrations (LC50) of the contact fil-
ter paper test for S-ACT and R-ACT at 48-h exposure against E. fetida
were 23.32 and 12.28 μg/cm2, respectively, and the LC50 values of the
acute artificial soil test on day 14were 112.73 and 77.13 mg/kg, respec-
tively. Themedian lethal concentration of test chemicals on earthworms
is an essential indicator for evaluating the toxicity risk to environmental
organisms (Prabhakaran et al., 2017). Previous study has shown that the
LC50 value for ACT on earthworms in artificial soil was 105.5 mg/kg
(EFSA. European Food Safety Authority, 2011). The results from Xiao
et al. also indicate that ACT has moderate toxic effects on earthworms
(Xiao et al., 2006b). Moreover, the results from this experiment indicate
that R-ACT has stronger toxic effects on earthworms than S-ACT.

3.3. Enantioselective behavior and toxicity

Statistical differences in ACT enantioselective degradation and toxic-
ity were shown in Fig. 3. The acute toxicities of the ACT enantiomers
showed significant differences in the artificial soil experiment and filter
paper experiment (p< 0.05). Moreover, the acute toxicity of R-ACTwas
higher in the filter paper and artificial soil experiments, which were 1.9
and 1.5 higher than those of S-ACT, respectively. Similar results have
Fig. 2. Dose-effect curves of the contact filter paper test (A) and acute ar
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also been reported by Xu et al. (2016), who demonstrated that R-ACT
had stronger effects than S-ACT in zebrafish developmental toxicity
endpoints. However, the degradation half-lives of S-ACT and R-ACT in
artificial soil showed no significant differences (p > 0.05). Previous
study has also shown that the degradation of ACT in BG-11 medium
was non-enantioselective during the experimental period (Xie et al.,
2019). In general, the acute toxicity of ACT to earthworms was
enantioselective, but there was no significant difference in its degrada-
tion in artificial soil.

3.4. Enantioselective effects on •OH− content in earthworms

Environmental stresses will produce excess reactive oxygen species
(ROS), resulting in the response of oxidative stress in organisms (Li
et al., 2019). Moreover, •OH−, as an important ROS, can regulate many
biological processes in organisms, and is considered to be themost haz-
ardous free radical (Gill and Tuteja, 2010). As shown in Fig. 4, the •OH−

content increased after S-ACT and R-ACT treatments. No significant dif-
ferenceswere observed between the different treatments on days 3 and
7 (p > 0.05). Compared with the control group, significant increases
were first observed on day 14 (p < 0.05), and significant differences
were also found between S-ACT and R-ACT treatments (p < 0.05) on
days 14 and 28. On day 42, no significant promotion of •OH− contents
was observedbetween S-ACT and control treatments (p>0.05), but sig-
nificant increases was observed in the R-ACT treatment (p < 0.05).
tificial soil test (B) after exposure to S-acetochlor and R-acetochlor.



Fig. 4. Effects of R-acetochlor and S-acetochlor on the •OH− content in earthworms. Bars
are the means ± SD of five replicates. Different letters indicate significant differences
(p < 0.05) among treatments.
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These results suggest that the oxidative stress reaction did not occur at
the early stage of exposure. In addition, the •OH− content in earth-
worms was more impressionable after R-ACT exposure. It has been re-
ported that ACT significantly increased cellular ROS generation and
induced oxidative damage responses in the human liver carcinoma
(HepG2) cell line (Huang et al., 2020). Oxidative stress response also oc-
curs in zebrafish after ACT treatment (Chang et al., 2020). Therefore, the
change in the •OH− content indicates that ACT caused oxidative stress,
and R-ACT incited stronger effects than S-ACT in earthworms.

3.5. Enantioselective effects on enzyme activities

Damage from oxidative stress is an important toxicity mechanism
that occurs because of various pollutants, and the antioxidant defense
system is an important way for organisms to protect themselves from
oxidative damage (Li et al., 2019; Shao et al., 2019). SOD and CAT are
considered to be significant antioxidant enzymes that can remove ex-
cess ROS and combat oxidative stress in the cells of organisms (Hu
et al., 2016; Liu et al., 2018). After S-ACT and R-ACT exposure, the trends
of SOD and CAT activities in earthworms were similar throughout the
entire exposure period (Fig. 5A, B). The activities of SOD and CAT in S-
ACT and R-ACT exposure treatments first decreased and then increased
with increasing time. SOD activity increased significantly on days 14
and 28 (p < 0.05), and significant differences were observed between
S-ACT and R-ACT treatments (p < 0.05). On day 42, no significantly en-
hanced SOD activitywas induced by S-ACT (p>0.05), but significant in-
creases were observed in R-ACT group (p < 0.05). For CAT activity,
significant increases were first discovered in R-ACT treatments on day
7. Additionally, the trend of ACT activitywas similar to that of SODactiv-
ity from the day 14.

AchE is a key enzyme in the nerve conduction process that termi-
nates nerve impulses by promoting acetylcholine hydrolysis (Singh
et al., 2018). The CYP450 is a detoxifying enzyme in the phase I family
and that is responsible for the biotransformation of endogenous and ex-
ogenous compounds (Jia et al., 2020). The enzyme activities of AchE and
the content of CYP450 were measured for assessing the effects of S-ACT
and R-ACT on earthworms (Fig. 5C, D). The activities of AchE in earth-
worms were initially significantly inhibited by S-ACT and R-ACT (on
day 3; p< 0.05), then increased significantly on day 7 (p< 0.05). How-
ever, the AchE activity was shown significant inhibitory effect on days
14 and 28 (p<0.05). Additionally, theAchE activity returned to the con-
trol level, and no significant differences between different treatments
5

were found at the end of the experiment (day 42; p> 0.05). In contrast,
the content of CYP450 significantly increased in earthworms after expo-
sure to the two enantiomers. Compared with that of the control group,
the CYP450 content in the S-ACT and R-ACT treatments increased signif-
icantly from day 7 (p < 0.05), and was highest on the 28th day. More-
over, the activities of AchE and the content of CYP450 in earthworms
were more impressionable in R-ACT treatment than those in S-ACT.

These results demonstrated that ACT exposure can cause oxidative
damage to earthworms. The activities of SOD and CAT in earthworms
significantly increased to protect themselves from oxidative damage.
Compared with S-ACT treatments, R-ACT induced a greater increase in
ROS content, resulting in higher activities of SOD and CAT. Meanwhile,
the effects of S-ACT and R-ACT on AchE activity in earthworms first de-
creased, then increased, and then decreased again. The activation of
AChE activity promotes the hydrolysis of neurotransmitters, thereby
interrupting the transmission of acetylcholine. Additionally, the inhibi-
tion of AChE activity may lead to excessive accumulation of acetylcho-
line and induce toxic reactions in earthworms. Moreover, the content
of CYP450 significantly increased, indicating that CYP450 may play an
important role in the metabolism of ACT in earthworms. The effects of
S-ACT and R-ACT on SOD, CAT, AchE and CYP450 were significantly re-
duced on days 42. This may have occurred because the concentrations
of ACT enantiomers were significantly lower at the end of this period.
Importantly, the different trends of enzyme activities due to the test
chemicals indicated that S-ACT and R-ACT exhibited selective behavior
in earthworms. Several reports have also shown a significant increase
of enzymes related to oxidative stress such as SOD and CAT after expo-
sure to ACT in earthworms, zebrafish andharmful cyanobacteria (Chang
et al., 2020; Xiao et al., 2006a; Xie et al., 2019). CYP450 is considered a
significant biomarker for the assessment of compounds (Jia et al.,
2020). Furthermore, environmental stresses, such as heavymetal pollu-
tion and pesticide residues significantly inhibit AChE activity in earth-
worms (Frasco et al., 2005; Singh et al., 2018). Thus, the oxidative
stress reaction will be produced in earthworms after exposure to ACT,
and a stronger oxidative stress reaction was observed in R-ACT
treatments.

3.6. Enantioselective effects on lipid peroxidation and DNA damage

The excess ROS can damage many biomacromolecules such as pro-
teins, lipids, and nucleic acids, resulting in lipid peroxidation (LPO)
and DNA damage in organisms (Inupakutika et al., 2016; Yang et al.,
2020). Among them, cellular function can be negatively impacted by
LPO, and lipid-derived radicals can be produced, which aggravate the
oxidative stress reaction in cells (Liu et al., 2018). Additionally, the
MDA content can indirectly represent the level of LPO. The excess ROS,
especially the •OH−, also can also induce DNA damage and result in
base modification, base deletion, strand breaks, and pyrimidine dimers
(Inupakutika et al., 2016). 8-OHdG, which is produced by •OH− attack
on the C8 of guanine, is considered to be an important indicator of
DNA oxidative damage, (Liu et al., 2018).

In this research, the levels of LPO and DNA oxidative damage after
exposure to S-ACT and R-ACT were assessed by measuring the MDA
and 8-OHdG contents in earthworms (Fig. 6). The variation trend of
MDA content and 8-OHdG content in earthwormswere similar after ex-
posed to S-ACT and R-ACT. Only increased for MDA between days 7 and
14, then was steady. Only increased for 8-OHdG from 3 to 7 days, and
then concentrations were relatively steady. In this study, the increased
MDA and 8-OHdG contents indicated that S-ACT and R-ACT induced
LPO and DNA oxidative damage in earthworm cells. Additionally, the
levels of LPO and DNA damage in earthwormswere significantly higher
than those in the control group in the later stage of exposure. Moreover,
the lipid peroxidation and DNA oxidative damage of earthworms were
not reduced by the rapid degradation of ACT enantiomers. This result
showed that the contents of ROS after exposure to S-ACT and R-ACT
were over the scavenging capacity of the antioxidant enzymes and



Fig. 5. Effects of R-acetochlor and S-acetochlor on the SOD activity (A), CAT activity (B), AchE activity (C) and CYP450 content (D) in earthworms. Data are expressed as themean± SD of
five replicates. Different letters indicate significant differences (p < 0.05) among treatments.
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resulted in damage to the lipids andDNA in earthworms. This result is in
agreementwith earlier studies, which demonstrated that theMDA con-
tent significantly increased in zebrafish and DNA damage increased in
earthworms after exposure to ACT (Chang et al., 2020; Xiao et al.,
2006a). Huang et al. (2020) showed that ACT significantly reduced the
production of antioxidants and augmented MDA content in HepG2
cells. Furthermore, the accumulation of MDA and DNA-single strand
breaks caused by ACT were indicated in Bufo raddei tadpoles (Liu
et al., 2006).
Fig. 6. Effects of R-acetochlor and S-acetochlor on the MDA content (A) and 8-OHdG content (B
indicate significant differences (p < 0.05) among treatments.
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3.7. Transcriptome sequencing analysis of Enantioselective toxic effects

Transcriptome analysis, as a powerful tool for analyzing the expres-
sion level of mRNA, is widely used to assess the risk of pollutants on or-
ganisms in the environment (Chai et al., 2020; Mkhinini et al., 2019).
The differentially expressed genes (DEGs) in earthworms affected by
S-ACT and R-ACT compared to the control group are shown in Fig. 7A.
The volcano plot visually shows that 11,256 DEGs were detected in
earthworms after exposure to S-ACT, while 15,465 DEGs were detected
) in earthworms. Data are expressed as the mean ± SD of five replicates. Different letters



Fig. 7. Volcano plot of DEGs after exposure to R-acetochlor and S-acetochlor comparedwith the control group (A) and function annotation of DEGs between R-acetochlor and S-acetochlor
using the KEGG database (B).
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in the R-ACT treatment. The number of DEGs in earthworms treated
with R-ACT was significantly higher than that of the S-ACT treatment.
Among these results, a total of 6788 and 9777 upregulated genes were
found in earthworms after S-ACT and R-ACT exposure, respectively. Ad-
ditionally, the numbers of downregulated genes in earthworms affected
by S-ACT and R-ACT were 4488 and 5688, respectively. Previous
7

research reported that differences in gene expression and mRNA ex-
pression in earthwormswere significantly affected bypesticide residues
and heavymetals (Chai et al., 2020; Liu et al., 2018). Moreover, the level
of protein expression in zebrafish was shown to significantly increase
after R-ACT exposure compared with that after S-ACT exposure (Xu
et al., 2016). This study revealed that the expression levels of mRNA in
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earthworms were significantly affected by S-ACT and R-ACT, and R-ACT
had a stronger influence than S-ACT.

Furthermore, KEGG pathway enrichment analysis was performed to
further evaluate the biological significance of DEGs. As shown in Fig. 7B,
20 significantly enriched pathways in earthworms after exposure to S-
ACT and R-ACTwere listed, and a total of 7 signaling pathways were se-
riously influenced. Signaling pathways regulate biochemical reactions
in cells by molecular signaling, including the regulation of gene expres-
sion, change in enzyme activity, bone architecture, and DNA synthesis.
The amount of DEGs and degree of enrichment in the thyroid hormone
signaling pathway were higher than those in other signaling pathways.
It has been reported that the mRNA expression and thyroid hormone
levels in zebrafish larvae were altered by ACT exposure, and S-ACT
had a stronger thyroid disruptive effect (Xu et al., 2019; Yang et al.,
2015). Moreover, the MAPK signaling pathway has also been observed
to be seriously influenced, which can cause cell proliferation, differenti-
ation, apoptosis, stress, and other biochemical reactions (Zhong et al.,
2020). In this study, the oxidative stress response and oxidative damage
were caused by ACT in earthworms, possibly because the function of the
signaling pathway was influenced.

Moreover, significant enrichment of the apoptosis pathway
indicates that ACT treatment resulted in apoptosis in earthworm cells.
In addition, one of the key characteristics of apoptosis was DNA frag-
mentation, and DNA oxidative damage caused by S-ACT and R-ACT
was proven in this research. Lapied et al. (2011) reported that a TiO2

nanocomposite induced apoptosis in earthworms; similarly, Chai et al.
(2020) reported that DEGs weremainly enriched in the apoptosis path-
ways in earthworms after exposure to cadmium. This indicates that the
enhanced frequency of apoptosis can be used as a sensitive endpoint for
assessing adverse effects in many organisms. Furthermore, focal adhe-
sion is an important structure in the cytoskeleton that helps maintain
the structural integrity and function (Eke and Cordes, 2015). The un-
usual function of focal adhesion could induce cellular damage, bring
about an imbalance of various enzymes, and the growth inhibition of
earthworms. The transcriptome analysis results indicated that the dys-
function of physiological functions in earthworms were disrupted by
mediated signaling pathway and apoptosis pathway, resulting in apo-
ptosis, oxidative damage, and changes in enzymatic activity in cells. R-
ACT may have had a stronger influence on the pathways, which might
be the primary reason for the enantioselectivity between the S-ACT
and R-ACT.

4. Conclusion

Biochemical toxicity and genotoxicity in earthworms exposed to S-
ACT and R-ACT were exhibited in the present study. Moreover,
enantioselective dissipation of ACT was observed in the artificial soil,
and S-ACT degraded faster than R-ACT. Additionally, the present study
suggested that the ACT induced enantioselectivity with regards to the
acute toxicity, and the acute toxicity of R-ACT were 1.9 and 1.5 times
higher those of S-ACT in the filter paper content test and artificial soil
test. Furthermore, stronger oxidative stress effects were caused by the
two enantiomers in later stages of exposure the increase of •OH− content.
The antioxidant and detoxification enzyme activities increased to remove
excess ROS in the cells of organisms. Importantly, R-ACT led to a stronger
oxidative stress response than S-ACT, resulting in more serious lipid per-
oxidation and DNA oxidative damage. The results of transcriptome se-
quencing indicated that R-ACT induced a higher toxicity in earthworms
than S-ACT by mediating signaling pathways, which may be the primary
reason for the enantioselectivity between the S-ACT and R-ACT. This re-
search is the first comprehensive investigation of the environmental
risk of ACT on earthworms at enantiomeric levels. This research investi-
gated the risk of ACT comprehensively from the enantiomeric levels,
which is important for the proper use of chloroacetamide herbicide.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142630.
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