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ABSTRACT

The enantioselective toxic effect and environmental behavior of chiral pesticides have attracted
increasing research attention. In this study, the enantioselective toxicity and residues of hexaconazole
(HEX) in earthworms (Eisenia fetida) were investigated. In the present study, significant enantioselective
degradation characteristics were observed in artificial soil with the R-enantiomer preferentially
degrading (p < 0.05); however, no significant enantioselective bioaccumulation was observed in the
earthworms (p > 0.05). The acute toxicity of S-(+)-HEX was higher than that of R-(—)-HEX in earth-
worms, with 48-h LCsq values of 8.62 and 22.35 pg/cm?, respectively. At 25 mg/kg, enantiospecific in-
duction of oxidative stress was observed in earthworms; moreover, S-(+)-HEX had a greater influence on
the contents of malonaldehyde, cytochrome P450, and 8-hydroxy-2-deoxyguanosine than R-(—)-HEX.
These results were consistent with those of the enrichment analysis of differentially expressed genes.
The transcriptome sequencing results showed that S-(+)-HEX had a more significant influence on steroid
biosynthesis, arachidonic acid metabolism, and cell cycle processes than R-(—)-HEX, leading to abnormal
biological function activities. These results indicate that S-(+)-HEX may pose a higher risk to soil or-
ganisms than R-(—)-HEX. This study suggests that the environmental risk of chiral pesticides to nontarget
organisms should be assessed at the enantiomeric level.

© 2020 Elsevier Ltd. All rights reserved.
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valued since the optical isomers of tartaric acid were separated by
Pasteur (Ma et al., 2011). Additionally, the chirality problem has
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1. Introduction

The nature of a substance to be unable to overlap with its mirror
image is called chirality (Gao et al., 2020). The importance of mo-
lecular chirality in the natural sciences has been increasingly
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received increased attention in the field of pesticide research. More
than 1600 pesticides are being sold on the pesticide market, and
30% of them have the characteristic of chirality (Gao et al., 2020).
However, for economic reasons, most are sold in the form of mix-
tures of enantiomers or racemates, and only 7% are used as a single
enantiomer (Garrison, 2011; Gao et al, 2020). Moreover, the
enantioselectivity of some pesticides in terms of ecological security
is poorly understood (Gamiz et al., 2016). Thus, racemic pesticides
may contain ineffective or even harmful enantiomers that not only
reduce the efficacy but are also more likely to cause phytotoxicity
and resistance (Han et al., 2013). Therefore, to promote green
pesticides and sustainable development, it is imperative to study
the different effects of enantiomers.

Hexaconazole (HEX) [(RS)-2-(2,4-dichlorophenyl)-1-(1H-1,2,4-
triazol-1-yl) hexan-2-ol], which belongs to the class of triazole
fungicides, is a sterol demethylation inhibitor with two enantio-
mers: R-(—)-HEX and S-(+)-HEX. HEX has broad-spectrum
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eradication effects on fungal diseases, especially those caused by
basidiomycetes and ascomycetes, by inhibiting ergosterol synthesis
to deter the growth of fungal mycelia (Han et al., 2013). HEX is
widely used on vegetables, field crops, and fruits because of its high
efficiency, low toxicity, and broad spectrum (Zhang et al., 2012a;
Han et al., 2013). Like other triazole compounds, HEX also has plant
growth-regulating properties, which can induce many morpho-
logical changes such as promoting rooting, inhibiting gibberellin
synthesis, and increasing the chlorophyll and ABA contents (Liang
et al., 2011; Zhang et al., 2012b). Therefore, HEX is expected to
become a widely used fungicide worldwide.

However, a previous study has shown that HEX may pose a
potential risk to the environment (Ju et al., 2017). HEX has a long
persistence in soil with a half-life of 225 days (Ju et al., 2017).
Additionally, the initial residual concentration of HEX in the soil
environment is between 0.056 and 2.74 mg/kg (Wang et al., 2012,
2014; Maznah et al., 2015). Moreover, HEX has good water solubi-
lity and fluidity and can percolate to the groundwater through the
soil after application in the field, which may have adverse effects on
mammals including rats (Shen et al., 2013). Additionally, HEX has
shown moderate acute toxicity to aquatic invertebrates. Yu et al.
(2013) have reported that HEX can induce oxidative stress and
the upregulation of target genes in zebrafish. Ju et al. (2017) have
found that excessive application of HEX is harmful to soil micro-
organisms. Therefore, HEX may be a potential soil contaminant, and
thus, its threat to the soil environment should be carefully
considered. Moreover, some studies have shown that HEX enan-
tiomer exposure leads to enantioselective degradation after appli-
cation to crops such as tomato, cucumber, and head cabbage (Wang
et al., 2012; Li et al., 2013). Notably, no studies have examined the
differences in the environmental behavior of HEX enantiomers and
their effects on the soil environment. Therefore, it is necessary to
assess the environmental safety of HEX in the soil environment at
the enantiomeric level.

In this study, the enantioselective residual characteristics of HEX
enantiomers in soil and earthworms were investigated based on
residual degradation tests and toxicity tests. Moreover, the enan-
tioselective differences induced by R-(—)-HEX and S-(+)-HEX in
acute toxicity and oxidative stress response in earthworms were
studied. This study aimed to investigate the environmental safety of
HEX at the enantiomeric level and provide a database for the
appropriate use of chiral pesticides.

2. Materials and methods
2.1. Materials

R-(—)-HEX (99.0%) and S-(+)-HEX (99.0%) were obtained by
splitting the HEX racemate. Earthworms (Eisenia fetida) were pro-
vided by the Qingdao (China) earthworm breeding base. The pur-
chased earthworms were nurtured at 20 + 2 °C and kept in a mixed
substrate containing peat moss and cow dung for two weeks under
a 12-h light/dark cycle. Healthy adults (350 + 20 mg) were selected
and placed on moist filter paper for 24 h before the experiment. In
this study, the tested soil was artificial soil that met the Organiza-
tion for Economic Co-operation and Development (OECD) stan-
dards and comprised 10% peat moss, 20% kaolin clay, and 70%
quartz sand. An appropriate amount of calcium carbonate was
added to adjust the pH of the artificial soil to 6.0 + 0.5.

2.2. Acute toxicity test
The filter paper contact test was conducted following the stan-

dard of the OECD guideline 207 (OECD, 1984). A filter paper of
reasonable size was placed into an uncovered glass tube (8 cm in
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length, 3 cm in diameter). The filter paper method was set using
experimental concentrations of 66.40, 53.12, 39.84, 26.56, 19.92,
13.28, 6.64, 3.32, and 1.66 pg/cm?. R-(—)-HEX and S-(+)-HEX were
dissolved in methanol and loaded onto the filter paper (1 mL so-
lution per glass tube). Control groups were also run in parallel, with
1.0 mL of methanol only. After the methanol was evaporated in a
fume hood, the filter paper was rewetted with 1 mL of distilled
water. One earthworm treated at the bowel was placed in each
glass tube, which was then sealed with a porous parafilm and
maintained in the dark at 20 + 1 °C. Earthworm mortality was
calculated at 24 and 48 h. The criterion for judging earthworm
death was no response in the head or tail with slight irritation.
Fifteen parallels were set for each experimental concentration.

2.3. Sub-chronic toxicity test

In previous studies, the initial residual concentrations of HEX in
the soil environment ranged from 0.056 to 2.74 mg/kg (Wang et al.,
2012, 2014; Maznah et al., 2015). Generally, environmental workers
often choose 5—10 times the initial residual concentrations of
target compounds as the concentration for sub-chronic toxicity
tests (Ma et al,, 2019; Wang et al,, 2020; Zhang et al., 2012b).
Additionally, according to the study by Chen et al. (2013), an
obvious bioaccumulation phenomenon was observed when the
earthworms were exposed to the racemic HEX at a concentration of
25 mg/kg (dry weight) for the sub-chronic toxicity test. Therefore,
to maximize the risk assessment, the exposure concentration was
close to 10 times that of the maximum initial residue, that is, 25 mg/
kg. Approximately 750 g of artificial soil that was thoroughly mixed
with the desired amount of pesticide solution was added toa 1L
glass beaker, and the artificial soil moisture was adjusted to 35%
with deionized water. Twenty-five earthworms were placed into
each glass beaker that was covered with a porous parafilm to allow
aeration. Each treatment was prepared for five beakers. The
earthworms were nurtured at 20 + 2 °C with a 12-h/12-h light-dark
regime. The control groups were prepared similarly but without
target compound application. At 3, 7, 14, 28, and 42 days after
exposure, the earthworm and soil samples were randomly
collected for different analyses. Before measuring each indicator,
the earthworms were washed with deionized water and placed on
wet filter paper for 24 h to remove their intestinal contents.

2.4. Enantioselective residues of HEX enantiomers in earthworms
and artificial soil

Soil and earthworm sample treatments. The earthworms and
artificial soil samples were sampled at 3, 7, 14, 28, and 42 days after
exposure. Five grams of artificial soil was added to a 50 mL
centrifuge tube, to which 5 mL of deionized water was added, fol-
lowed by shaking the mixture to wet the sample. After letting it
stand for 10 min, 25 mL of acetonitrile was added to the 50 mL
centrifuge tube. For the earthworm samples, three gut-cleansed
earthworms were collected and homogenized with deionized wa-
ter (w/v, 1:2). Next, to extract the compounds from the earthworms,
acetonitrile (w/v, 1:5) was added. Then, the earthworms and soil
samples were shaken for 5 min on a vortex mixing shaker, and 0.5 g
of NaCl and 2 g of MgS0,4 were added, followed by shaking for 5 min
and centrifugation at 4000 rpm for 5 min. Subsequently, 1.5 mL of
the supernatant was placed in a centrifuge tube containing 50 mg
of primary secondary amine (PSA). After shaking the contents for
5 min, the sample was centrifuged at 10,000 rpm for 5 min.
Thereafter, the collected supernatant was passed through a 0.22 um
filter prior to detection analysis.
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2.5. Ultra-performance liquid chromatography—tandem mass
spectrometry analysis

The contents of R-(—)-HEX and S-(+)-HEX were chromato-
graphically detected using an ultra-performance liquid chroma-
tography system coupled with a mass spectrometry system (TSQ
Endura, Thermo Fisher Scientific Inc., San José, CA, USA). The liquid
chromatography column was a Thermo Hypersil GOLD C;g column
(2.1 mm x 100 mm, 1.9 pm). The source parameters were a capillary
voltage of 3000 V and a capillary temperature of 350 °C. The flow
rate was 0.25 mL/min. The injection volume was 2 pL. The mobile
phase of acetonitrile (A) and 0.1% formic acid water (B) were used to
separate the target compounds, and the mobile phase gradient
started at 10% A (0—0.5 min), increased to 90% A (1—4 min), and
then decreased to 10% A (4.1-5 min). Multiple reaction monitoring
(MRM) mode and positive electrospray ionization (ESI™) were used
to detect the HEX enantiomers. The qualitative and quantitative ion
pairs were 314/159 (m/z) and 314/70 (m/z), respectively, when the
collision energy was set to 29 eV and 20 eV, respectively.

Based on the conventional validation procedure, the following
data were tested to evaluate the performance of the developed
method: linearity, precision, accuracy, limits of detection (LODs),
and the limits of quantification (LOQs). Evaluation of the HEX
enantiomer linearity was performed by adding the two enantio-
mers to the earthworm and soil matrix extraction solution at
different levels (0.001, 0.005, 0.010, 0.050, 0.10, 0.50, 1.0, and
5.0 mg/kg). The accuracy and precision of the developed method
were determined by recovery assays, which contained five repli-
cates of the soil and earthworm matrices at three different con-
centrations (0.010, 0.10, and 25 mg/kg). The LODs of the four target
compounds were defined as the concentration that produced a
signal-to-noise (S/N) ratio of 3, and the LOQs were considered to be
the concentration yielding an S/N ratio of 10.

2.6. Measurement of the oxidative stress effect

One earthworm from each beaker was added to an abrader after
it was randomly selected and weighed. Next, the earthworms were
homogenized in 50 mM phosphate buffer (pH 7.8) at a dilution of 1/
10 (w/v). Subsequently, the homogenized tissue was centrifuged at
8000 xg for 10 min. All samples throughout the process were
treated with an ice bath. The method described by Bates et al.
(1973) was followed to determine the protein content, and Coo-
massie brilliant blue was used as the color reagent.

Acetylcholinesterase (AChE), catalase (CAT), and superoxide
dismutase (SOD) activities as well as malondialdehyde (MDA)
content were determined according to the method described by
Zhang et al. (2019a) using a kit obtained from Suzhou Comin
Biotechnology Co., Ltd. (Suzhou, China). The respective determi-
nation of AChE, CAT, and SOD activities as well as the MDA content
were measured using a spectrophotometer and calculated from the
respective standard curve.

The hydroxyl radical (-OH™) content, 8-hydroxy-2-
deoxyguanosine (8-OHdG) content, and cytochrome P450
(CYP450) activity were determined according to the method
described by Zhang et al. (2020) using a kit obtained from the
Shanghai HengYuan Biological Technology Co., Ltd. (Shanghai,
China). The respective contents were determined according to the
instructions of the 8-OHdG, -OH™, and CYP450 ELLSA kits; the
absorbance (OD value) was measured using a microplate reader at a
wavelength of 450 nm; and the 8-OHdG, -‘OH™, and CYP450 con-
centrations in the sample were calculated from the standard curve.
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2.7. Transcriptomic analysis

Three gut-cleansed earthworms in each treatment were
collected randomly for analysis on day 42. The RNApure plant kit
(Aidlab, China) was used to isolate total RNA from each treatment. A
NanoPhotometer spectrophotometer (Thermo Fisher Scientific,
USA) and an Agilent 2100 bioanalyzer (Agilent, USA) were used to
test the purity and integrity of the RNA, respectively. Oligo (dT)
magnetic beads were used to enrich mRNA from total RNA. Sub-
sequently, the mRNA was fragmented in NEB fragmentation buffer.
The cDNAs were synthesized by the RNA fragments using random
hexamers, and then, end repair was used to synthesize, purify, and
modify the cDNAs to construct a library. The library was sequenced
using the Illumina HiSeq 4000 platform (Illumina, Inc., San Diego,
CA, USA). Next, the reads were processed and analyzed using
Trinity software. A p-value < 0.01 and |log2 (foldchange)| > 2 was
set as the threshold for significant differential expression. Subse-
quently, the differential expression of functional genes was anno-
tated using the KEGG database.

2.8. Statistical analysis

The first-order kinetic equation was used to simulate the
degradation behavior of HEX enantiomers in artificial soil. The
degradation equation and half-life (Ty;) were calculated using
equations (1) and (2):

Cr=Coe X (1)

Tl/zzlnz/k 2)

where C; represents the concentration (mg/kg) of the test com-
pounds at time t (day) in artificial soil, Cy represents the initial
concentration (mg/kg), and k represents the dissipation rate
constant.

BSAF = Cg/Cs 3)

In the present study, the bioaccumulation of HEX enantiomers
was expressed by the biota to soil accumulation factor (BSAF). Cew
and Cs represent the concentrations (mg/kg) of the test compounds
in the earthworms and artificial soil, respectively.

All statistical analyses were conducted using SPSS software
(Version 19.0; SPSS Inc.), and all data were expressed as the
mean + standard deviation (mean + SD, n = 3). Origin 8.5 software
was used to draw the figures. Analysis of variance (ANOVA) with
the LSD test was used to analyze the significance (p < 0.05) of the
data obtained from the indicators.

3. Results and discussion

3.1. Enantioselective residues of HEX enantiomers in soil and
earthworms

As shown in Table S1, this method showed excellent linearity
(R? > 0.9968) and satisfactory recoveries (93%—108%) at the three
spiked levels of 0.010, 0.10, and 25 mg/kg with the relative standard
deviation (RSD) values lower than 4.7% in both the soil and earth-
worm matrices. The LODs of S-(+)-HEX in the soil and earthworm
matrices were 0.002 mg/kg and 0.003 mg/kg, respectively, whereas
the LOQs were 0.007 mg/kg and 0.01 mg/kg, respectively. The LODs
of R-(—)-HEX in the soil and earthworm matrices were 0.001 mg/kg
and 0.002 mg/kg, respectively, whereas the LOQs were 0.004 mg/kg
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and 0.006 mg/kg, respectively. The matrix effect values of S-
(+)-HEX and R-(—)-HEX in the soil matrices were 11.2% and 12.1%,
respectively, whereas those in the earthworm matrices
were —65.3% and —65.7%, respectively. According to the study by
Tian et al. (2016), the matrix effect could be ignored when the value
ranged from —10% to 10%. In this study, the matrix effect values
were not in this range; therefore, the matrix-matched calibration
curve was chosen to normalize the matrix effect and obtain more
precise results.

The degradation of R-(—)-HEX and S-(+)-HEX in the artificial
soils at a concentration of 25 mg/kg was a time-dependent process
(Fig. 1A). As shown in Table S2, the R-(—)-HEX and S-(+)-HEX
degradation corresponded to first-order kinetics, with correlation
coefficient (R?) values of 0.9756 for R-(—)-HEX and 0.9345 for S-
(+)-HEX. The degradation of R-(—)-HEX and S-(+)-HEX showed
different degradation trends during the entire exposure period,
with half-lives of 184.8 and 246.4 days, respectively. These results
showed that enantioselective degradation occurred between the
HEX enantiomers, and the stability of the two target compounds
followed the order S-(+)-HEX > R-(—)-HEX in the soil. The reduc-
tion in the content of the two target compounds may be caused by
photolysis, earthworm absorption, and microbial decomposition
(Liu et al., 2018b). In this study, the bioaccumulation of HEX en-
antiomers in earthworms showed that the R-(—)-HEX and S-
(+)-HEX content in earthworms increased with the chemical
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Fig. 1. Residues of S-(+)-HEX and R-(—)-HEX in the artificial soil (A) and earthworms
(B).
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exposure time (Fig. 1B). Moreover, the BSAF value of the R-(—)-HEX
was smaller than that of S-(+)-HEX, suggesting that S-(+)-HEX was
preferentially accumulated over the R-(—)-HEX in earthworm tis-
sue. The present results demonstrated that there was an enantio-
selective bioaccumulation behavior in the earthworms between S-
(+)-HEX and R-(—)-HEX. Yu et al. (2012) studied the enantiose-
lective bioaccumulation of the triazole fungicide tebuconazole in
earthworms, the results of which were similar to our present re-
sults. In their study, the R-(+)-tebuconazole showed preferential
accumulation in earthworm tissue compared with S-(—)-tebuco-
nazole. Additionally, Han et al. (2013) reported the obvious enan-
tioselectivity of HEX enantiomers in tomatoes and found that
(—)-HEX degraded faster than (+)-HEX in tomatoes, resulting in the
enrichment of (+)-HEX. Thus, previous studies and the present
results indicate that the bioaccumulation and degradation behavior
in the environment of chiral compound enantiomers may be
different.

3.2. Acute toxicity of HEX enantiomers to earthworms

The filter paper contact test results showed that the 48-h LCsg
values of S-(+)-HEX and R-(—)-HEX in earthworms were 8.62 and
22.35 pgjcm?, respectively (Fig. 2). Thus, the acute toxicity of S-
(+)-HEX was stronger than that of R-(—)-HEX. Previous studies
have investigated the enantioselective toxicity induced by HEX
enantiomers; however, a different result was found in the report by
Han et al. (2013), who demonstrated that R-(—)-HEX showed
11-13-fold higher acute toxicity to four target fungi based on the
48-h LCsg value. Furthermore, other chiral fungicides such as
benalaxyl, tebuconazole, and metalaxyl also show marked enan-
tioselective differences in acute toxicity to earthworms (Xu et al,,
2009; Yu et al., 2012; Zhang and Zhou, 2019b). Chiral compounds
undergo a series of biological activities in organisms; therefore, the
bio-uptake, transport, assimilation, accumulation, and metabolism
of earthworms may induce enantioselective differences in acute
toxicity (Konwick et al., 2006). Until now, little information has
been available on the acute toxicity difference between HEX en-
antiomers in the nontarget organism E. fetida. The present study
provides a basis for accurately evaluating the environmental risks
of HEX.

3.3. Enantioselective behavior and toxicity

The statistical analysis of the degradation half-life in artificial

1004 4 S-(H-HEX A
R-(-)-HEX
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Fig. 2. Dose-effect curves of the for the filter paper contact test of earthworms after
exposure to S-(+)-HEX and R-(—)-HEX. X axis is based on log2.
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soil, bioaccumulation test, and filter paper test is shown in Fig. 3.
Acute toxicity test results showed that significant differences were
found in the filter paper experiment (p < 0.05). Additionally,
compared with the R-(—)-HEX treatment, the S-(-+)-HEX treatment
showed 2.59-fold higher acute toxicity to earthworms based on the
48-h LCsg value. Notably, Han et al. (2013) studied the enantiose-
lective toxicity of Daphnia magna induced by HEX enantiomers, and
their study indicated that R-(—)-HEX may have higher toxicity to
aquatic species. In the present study, significant differences were
observed in the degradation half-life of S-(+)-HEX and R-(—)-HEX
(p < 0.05). This result demonstrated that enantioselective degra-
dation behavior was observed, and a similar degradation behavior
of the triazole fungicide tebuconazole has been reported by Cui
et al. (2018). In their study, S-(+)-tebuconazole showed preferen-
tial degradation in different soils. However, in the present study, no
significant differences were found in the bioaccumulation test,
although the BSAF value of the R-(—)-HEX was smaller than that of
the S-(+)-HEX (p > 0.05). Interestingly, Liu et al. (2014) reported
that the enantioselective accumulation of triadimefon enantiomers
was not found in soil, whereas the preferential accumulation of S-
triadimefon was observed in tubifex worms (Tubifex tubifex). Hence,
the different chiral environments may be of great significance to
the enantioselective bioaccumulation behaviors. In general, the
acute toxicity and degradation behavior of HEX enantiomers with
respect to earthworms in artificial soil were significantly enantio-
selective, but there was no significant difference in its bio-
accumulation behaviors.

3.4. Effects of S-(+)-HEX and R-(—)-HEX on the -OH™ activity in
earthworms

It is now widely believed that reactive oxygen species (ROS)
production and/or the inhibition of systems that counteract them at
least partly cause the negative effects of various environmental
stresses (Dubey et al., 2015). The ROS generated by external stimuli
including hydrogen peroxide (H,0;), hydroxyl radicals (-OH™), and
superoxide anion free radicals (O:") have been shown to be related
to the occurrence of cell carcinogenesis, aging, and apoptosis (Feng
et al,, 2017). Among them, -OH™ is considered the most active and
hazardous free radical that is critical in mediating oxygen toxicity
in vivo (Zhou et al., 2015). Additionally, -OH™ has been demon-
strated to be produced from the chemical reaction between H,0;
and Oy~ and external stress conditions (Gill et al., 2010). In the
present study, the -OH™ levels were significantly enhanced after
exposure to S-(+)-HEX on day 3 (p < 0.05) (Fig. 4). Compared with
the control treatments, the ‘OH™ activity in both S-(+)-HEX and R-
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Fig. 4. The -OH™ content changes in earthworms after exposure to S-(+)-HEX and R-
(—)-HEX.

(—)-HEX treatments showed a significant increase on days 7 and 14
(p < 0.05). However, the R-(—)-HEX treatment returned the -OH™
activity to control levels on day 28. No significant difference was
observed between the treatment and control groups on day 42
(p > 0.05). This result indicated that the oxidative stress effects
were induced in the earthworms during the early stage of exposure
to HEX enantiomers. However, the earthworms gradually overcame
the adverse effects induced by the HEX enantiomers, which was
probably because the antioxidant defense system of the earth-
worms was protecting them from damage. Moreover, both S-
(+)-HEX and R-(—)-HEX can cause oxidative stress effects, and the
former is stronger. A previous report has demonstrated that HEX
can cause oxidative stress effects in the target bacterium Bra-
dyrhizobium japonicum (Shahid and Khan, 2018). Additionally, Gao
et al. (2013) have reported that the triazole fungicides—-
triadimenol, difenoconazole, and propiconazole can inhibit the
activity of glutathione peroxidase (GSH-Px), which can scavenge
the free radicals and lipid peroxide induced by -OH™ (Gao et al.,
2013). Similar to the results of the previous studies, the present
study showed that HEX enantiomers could induce abnormal
changes in -OH™ content. Additionally, enantioselective changes in
‘OH™ activities were observed in the earthworm bodies after
exposure to HEX enantiomers.

3.5. Effects of HEX enantiomers on biological enzyme activities in
earthworms

Under external environmental pressure, free radicals such as the
peroxide anion and superoxide anion radicals appear in the body
and disrupt body functions (Liu et al., 2010). SOD is considered the
most effective enzyme with regard to the removal of O,-~ by con-
verting Oy~ to H,0, and O, representing the first line of defense
against ROS (Liu et al., 2016). As shown in Fig. 5A, compared with
the control treatment, SOD activity decreased significantly after
exposure to S-(+)-HEX and R-(—)-HEX on days 3 and 7 (p < 0.05).
However, no significant difference was observed on day 14
(p > 0.05). Additionally, the S-(+)-HEX treatments induced a sig-
nificant increase in SOD on days 28 and 42 (p < 0.05). Animal CAT is
an enzyme containing heme, which can convert H,O, into water
and O, (Chen et al, 2016). In the present study, CAT activity
decreased significantly following R-(—)-HEX and S-(+)-HEX expo-
sure on days 3 and 7 compared with the activity observed for the
control treatment (p < 0.05, Fig. 5B). However, a significant increase
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Fig. 5. Effects of S-(+)-HEX and R-(—)-HEX on SOD activity (A), CAT activity (B), CYP450 activity (C), and AChE activity (D) in earthworms.

following the two enantiomer treatments was observed on day 14
(p < 0.05). Additionally, the R-(—)-HEX treatment resulted in a re-
turn to the control levels on days 28 and 42; however, for the S-
(+)-HEX treatments, a significant increase in CAT activity continued
until day 42 (p < 0.05). The increase in SOD and CAT enzyme ac-
tivities was a direct response to the ROS produced by exogenous
pollution, whereas the decrease in SOD and CAT enzyme activities
might be because the enzymes present were insufficient to clear
ROS and because the antioxidant defense system was overwhelmed
by a large excess of ROS (Chen et al., 2016). In the present study,
SOD and CAT enzyme activity systems were damaged at the
beginning of exposure, leading to a decrease in the SOD and CAT
contents. After a period of restoration, the SOD and CAT enzyme
activity systems worked normally and could respond to stress,
leading to an increase in SOD and CAT activities. The altered SOD
activity and CAT activity demonstrated that the oxidative stress
effect was induced by HEX enantiomers in the earthworms, and the
earthworm antioxidant defense system began to defend against the
damage caused by excessive ROS. Similar results have been re-
ported in a previous study by Zhang et al. (2012b), who reported
that a certain dose of fomesafen induced oxidative stress in the
earthworm. In their study, the CAT activity of the target compound
treatment group also first decreased and then increased. In general,
the HEX enantiomers affected the oxidation system of earthworms;
in particular, S-(+)-HEX had a stronger inhibitory effect.

CYP450 is involved in the phase I metabolism of many xenobi-
otics and is widely used as a biomarker of pollutants (Lu et al.,
2017). Triazole compounds inhibit cytochrome P-450-mediated
oxidative demethylation, which is necessary for the synthesis of
ergosterol and the conversion of kaurene to kaurenoic acid in the
gibberellin biosynthesis pathway (Zhang et al., 2012a). In the

present study, following the S-(+)-HEX treatments, the relative
activity of CYP450 significantly decreased on days 3, 7, and 14
compared with that in the control and R-(—)-HEX groups (p < 0.05,
Fig. 5C). However, the activity of CYP450 in both the S-(+)-HEX and
R-(—)-HEX treatments returned to the control level on days 28 and
42, respectively. AChE is a key enzyme in biological nerve con-
duction, and changes in its activity are used as a biomarker in
pesticide exposure studies (Wang et al., 2015). Compared with the
control treatment, a significant inhibition effect on the activities of
AChE was observed following S-(+)-HEX and R-(—)-HEX exposure
throughout the exposure period (p < 0.05, Fig. 5D). Among them,
the S-(+)-HEX treatment showed a significant inhibitory effect on
the activities of AChE on days 3 and 7 compared with that seen in
the R-(—)-HEX treatments (p < 0.05). The decreased CYP450 and
AChE activities may be induced by pollutants exceeding the
removal capacity of the detoxification system, leading to abnormal
cell function. Moreover, the present results demonstrated that the
nerve conduction and detoxification functions of the earthworms
were significantly inhibited by the two tested compounds, mean-
while, the two enzymes might play an important role in the
metabolism of HEX enantiomers in earthworms. Although AChE
was not the target enzyme of the triazole fungicide, previous re-
ports by Kolesarova et al. (2013) and Toni et al. (2011) have found
that the AChE activities of cattle blood and Cyprinus carpio change
after exposure to the triazole fungicide tebuconazole. Ergosterol
biosynthesis-inhibiting fungicides, including HEX, can induce
CYP450 forms responsible for activation of the OPs, which can lead
to the inhibition of AChE activities (Kolesarova et al., 2013; Toni
et al,, 2011). Thus, previous reports and the present study indi-
cated that biological enzymes were of great significance in pro-
tecting earthworms from oxidative damage induced by
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environmental stresses. Notably, stronger induction effects of
oxidative damage were observed in the case of S-(+)-HEX.

3.6. Enantioselective effects of HEX on biomacromolecules in
earthworms

Most of the biological macromolecules can bind and react with
‘OH™, such as lipids, proteins, and polysaccharides (Schieber et al.,
2014). In addition, -OH™~ cannot be directly eliminated by the cor-
responding enzymes, and excess -OH™ will cause oxidative damage
to cells, such as the loss of enzyme activity and DNA damage,
leading to apoptosis (Codreanu et al., 2015; Winterbourn et al.,
2015). DNA may undergo DNA strand breaks, chain breaks, and
base modification under oxidative stress (Lushchak et al., 2014).

8-OHdG is the -OH™ adduct of dG in DNA, which is widely
regarded as one of the most representative biomarkers that reflects
DNA oxidative damage (Guo et al., 2016). As shown in Fig. 6A, no
significant difference was observed in 8-OHdG on day 3 (p > 0.05).
However, compared with that in the control treatments, a signifi-
cant increase was observed on days 7 and 14 following S-(+)-HEX
and R-(—)-HEX exposure (p < 0.05). Additionally, on days 28 and 42,
no differences were observed in 8-OHdG content between the R-
(—)-HEX treatment and control treatment (p > 0.05), whereas the S-
(+)-HEX treatment induced a significantly enhanced 8-OHdG
content (p < 0.05). ROS attack polysaturated fatty acids on biolog-
ical cell membranes, leading to membrane lipid peroxidation. MDA,
a product of lipid peroxidation, has become a typical indicator of
the level of oxidative damage (Chen et al., 2011). As shown in
Fig. 6B, significant increases in MDA content were observed in the
S-(+)-HEX treatment on days 3, 28, and 42 (p < 0.05). The MDA
content following S-(+)-HEX and R-(—)-HEX exposure was signif-
icantly increased on day 7 compared with that in the control
treatment (p < 0.05). However, no significant difference was
observed on day 14 (p > 0.05). Significant changes in the MDA and
8-OHdG contents showed that oxidative damage in the earth-
worms was caused by exposure to S-(+)-HEX and R-(—)-HEX.
Additionally, the difference in the MDA and 8-OHdG contents
induced by the two tested chemicals indicated that S-(+)-HEX and
R-(—)-HEX had selective behaviors in combination with bio-
macromolecules. Research has shown that most bio-
macromolecules found in cells are chiral, and the enantiomers of
chiral compounds have different combined effects with bio-
macromolecules because of their different spatial configurations,
resulting in different toxic effects (Inaki et al., 2018). The present
study demonstrated that S-(+)-HEX had a stronger interaction ef-
fect with biomacromolecules than that of R-(—)-HEX.
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3.7. Differences in the transcriptomic profiles of the HEX
enantiomers

The transcriptome analysis data were saved in the sequence
read archive (SRA) of NCBI, with the BioProject ID of PRJNA664315.
Transcriptome analysis is a powerful tool to study gene expression
in earthworms after exposure to pollutants, and the results of the
differentially expressed gene (DEG) analysis are shown in Fig. 7A.
The number of DEGs was 9377 between the R-(—)-HEX-exposed
treatment and control groups. Among them, 4695 genes were
upregulated, and 4682 genes were downregulated. Between the
control group and S-(+)-HEX treatment, the number of DEGs was
13,958. Among them, 4378 genes were upregulated, and 9580
genes were downregulated. Thus, enantioselective effects were
observed on the transcriptomic profiles after E. fetida was exposed
to HEX enantiomers. Moreover, the total number of DEGs in the S-
(+)-HEX exposure treatment was higher than that in the R-(—)-HEX
exposure treatment, indicating that S-(+)-HEX may induce stron-
ger toxic effects in earthworms than R-(—)-HEX.

DEGs will influence certain biological functions in organisms,
and the biological role of DEGs can be evaluated using KEGG
category enrichment analysis (Chai et al., 2020). Twenty signifi-
cantly enriched pathways are listed in Fig. 7B. Among these 20
pathways, steroid biosynthesis, arachidonic acid metabolism, and
cell cycle pathways were most influenced by S-(+)-HEX, whereas
no significantly enriched pathway was found in the R-(—)-HEX-
exposed treatment.

For the steroid biosynthesis pathways, steroid biosynthesis in-
cludes progesterone and estradiol, among others, which are
essential for maintaining the reproductive physiology of female
animals (Xu et al., 2018). The steroid biosynthesis pathway was
severely affected, indicating that the effect of target compounds on
the earthworms was gender-specific. Shen et al. (2013) studied the
enantioselective disappearance of HEX enantiomers in rats and
found that this disappearance was gender-related, whereas enan-
tioselective changes of CYP450 activities were found after HEX
enantiomer exposure. These findings were consistent with ours
(Shen et al., 2013). Moreover, CYP450 is an important regulatory
factor of the steroid biosynthesis pathway (Liu et al., 2018a).
Therefore, we speculated that the inhibitory effect of HEX enan-
tiomers on earthworms was not only enantioselective but also
gender specific. Notably, the steroid biosynthesis pathway is
simultaneously regulated by arachidonic acid-mediated meta-
bolism signals (Zosmer et al.,, 2002). For the arachidonic acid
metabolism pathways, arachidonic acid is a polyunsaturated fatty
acid released by the lipolysis of phospholipids, and the CYP450
pathway affects the synthesis of arachidonic acid (Chang et al.,
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Fig. 6. Effects of S-(+)-HEX and R-(—)-HEX on 8-OHdG content (A) and MDA content (B) in earthworms.
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2014). The enrichment of arachidonic acid metabolism pathways
indicated that the phospholipid metabolism capability in E. fetida
was inhibited, disrupting the function of CYP450. In the present
study, CYP450 activity was inhibited after exposure to S-(+)-HEX,
which is consistent with the results of transcriptomic analysis.
Moreover, ROS combine with polyunsaturated fatty acids to cause
membrane lipid peroxidation, which may induce arachidonic acid,
a source of polyunsaturated fatty acids, to be metabolized abnor-
mally (Wong et al., 2015). Additionally, in the subchronic toxicity
test, the content of MDA that is related to lipid metabolism
increased at day 42 after exposure to S-(+)-HEX, which corrobo-
rates the enrichment result of arachidonic acid metabolism path-
ways. For the cell cycle pathway, the regulation of the cell cycle is a
basic process in eukaryotes. Before entering mitosis, the cell de-
termines that the DNA has completely replicated in the S phase, and

the DNA is not damaged (Reinhardt et al., 2010; Yang et al., 2014).
Therefore, the significantly enriched cell cycle pathways may sug-
gest that the earthworm cellular DNA replication process was
destroyed. Studies have shown that oxidative stress produced by
ROS can induce DNA damage and stimulate neuronal cells to re-
enter the cell cycle (Itsang Chiang et al, 2015). In the present
study, 8-OHdG levels were abnormally elevated after exposure to S-
(+)-HEX, which coincided with the enrichment of the cell cycle
pathway. In the present study, ROS induction by the test chemical
influenced steroid biosynthesis, the cell cycle, and arachidonic acid
metabolism, leading to enantioselective oxidative damage, DNA
damage, and other effects, which caused damage to functional
molecules in the earthworm organisms, such as detoxifying en-
zymes and biological macromolecules.

In this study, the S-(+)-HEX degraded more slowly than R-
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(—)-HEX in the artificial soil. However, the bioaccumulative effect
was opposite to that of soil degradation. In the earthworms, S-
(+)-HEX accumulated faster than R-(—)-HEX. The differences in
degradation and bioaccumulation may be due to the difference in
steric configuration between S-(+)-HEX and R-(—)-HEX. The
configuration of R-(—)-HEX has a stronger combining capacity with
environmental media or biomacromolecules in microorganisms.
Accordingly, S-(+)-HEX has a higher affinity with the bio-
macromolecules in earthworms, ultimately resulting in excessive
accumulation. For the earthworms, both S-(+)-HEX and R-(—)-HEX
were exogenous pollutants and their accumulation induced stress
responses in cells, such as increased ROS content. In order to pre-
vent ROS from damaging the cell function, the antioxidant defense
system began to clear the excess ROS by regulating the activities of
SOD and CAT. With an increase in exposure time, an increasing
amount of S-(+)-HEX and R-(—)-HEX accumulated in the earth-
worms and finally caused damage to biomacromolecules, leading to
various damage effects, such as lipid peroxidation and DNA dam-
age. Through transcriptome sequencing, differentially expressed
genes and significantly enriched pathways were discovered. The
transcriptome sequencing results showed that steroid biosynthesis,
arachidonic acid metabolism, and cell cycle pathways were most
influenced by S-(+)-HEX. These pathways were related to the
function of phospholipid metabolism, DNA replication, etc., which
were consistent with the changes in the activities of CYP450 and
the contents of MDA and 8-OHdG. The present study demonstrated
that S-(+)-HEX may pose a higher environmental risk than R-
(—)-HEX, and the risk assessment of HEX should be performed at
the enantiomeric level.

4. Conclusion

In the present study, the toxicity and bioaccumulation of HEX
enantiomers in earthworms were investigated. HEX enantiomers
exhibited significantly enantioselective degradation in artificial
soils, with a preferential degradation of R-(—)-HEX. No significant
differences in bioaccumulation were found in earthworms during
the entire exposure period; however, the acute toxicity of S-
(+)-HEX was 2.59 times higher than that of R-(—)-HEX. S-(+)-HEX
and R-(—)-HEX induced oxidative stress and destroyed the function
of biomacromolecules such as lipids and proteins. Moreover, S-
(+)-HEX showed a stronger interaction effect with bio-
macromolecules than R-(—)-HEX. S-(+)-HEX displayed a stronger
influence on steroid biosynthesis, cell cycle, and arachidonic acid
metabolism pathways, which may be the primary reason for the
enantioselective behavior of HEX enantiomers. Thus, the risk
assessment of HEX should be performed at the enantiomeric level,
and S-(+)-HEX may pose a high environmental risk.
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