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Abstract

Diuron is a widely used herbicide worldwide, and its toxic effects on aquatic and amphibious organisms have received
extensive concerns. However, little information is available regarding the impacts of diuron on non-target soil organism
earthworm. Thus, this work investigated the toxic effects of environmentally relevant concentrations (i.e., 0.05, 0.5, and
5.0 mg/kg soil) of diuron on earthworm Eisenia fetida according to multiple biomarkers including oxidative stress, DNA
damage, and histopathology. Results showed that diuron significantly induced the production of reactive oxygen species
(ROS) and presented a dose—effect relationship (R?> 0.6) during the first 21 days of exposure. On the seventh day, the activ-
ity of superoxide dismutase (SOD) in E. fetida exposed to 0.05, 0.5, and 5.0 mg/kg of diuron decreased by 3.3%, 17.8%, and
37.4% with respect to the control, respectively, while the activities of catalase (CAT), peroxidase (POD), and glutathione
S-transferase (GST), as well as the content of malondialdehyde (MDA) increased to varying degrees. Diuron resulted in low
damage of coelomocyte DNA in E. fetida, while no tissue damage was observed on days 7 and 14. At the end of exposure
period (28 d), except for ROS, all other biomarkers in the diuron-treated groups were restored to the control level. Integrated
biological response (IBR) showed that ROS and GST are sensitive biomarkers to monitor the potential toxicity effect of diuron
on E. fetida. The results of this study provide valuable information for risk assessment of diuron on soil ecosystem health.
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Introduction

Currently, herbicides are playing an increasingly important
role in weeds control and crop productivity improvement.
Nevertheless, with the ubiquitous use of herbicides, a myr-
iad of negative effects on environmental safety and human
health are inevitably expected (Fugere et al. 2020; Van
Bruggen et al. 2018). Among herbicides, phenyl urea her-
bicide diuron (N-(3,4-dichlorophenyl)-N, N-dimethylurea)
is widely used during pre-emergence and post-emergence
to control annual and perennial monocotyledonous and
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dicotyledonous weeds in agricultural soils. It is also often
used in non-agricultural soils, such as industrial and domes-
tic sites, for weed and vegetation control (Liu et al. 2010).
The water solubility at 25 °C and octanol/water coefficient
(log Kow) of diuron is 42.0 mg/L and 2.68, respectively,
which means diuron has moderate mobility in soils and
can enter the aquatic ecosystems from terrestrial environ-
ments by leaching and runoff (Dores et al. 2009). At pre-
sent, the environmental consequences of diuron on aquatic
ecosystems are of great concern. Previous studies showed
that diuron could cause various levels of toxic effects on
fish and amphibian such as zebrafish (Velki et al. 2017),
goldfish (Bretaud et al. 2000), flounder (Moon et al. 2019),
medaka (Kamarudin et al. 2020), and tadpole (Moreira et al.
2019). In the soil environment, diuron is considered high
persistence, with several studies which have reported the
half-lives of diuron in soil ranging from one month to one
year (Madhum and Freed 1987; Rocha et al. 2013; Rouchaud
et al. 2000). The quantity of diuron in soil could be reached
about 0.5 mg/kg when it was used as recommended dose
(Giacomazzi and Cochet, 2004; Gooddy et al. 2002). Up to
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date, most of studies analyzed the adsorption and desorp-
tion behavior of diuron in various types of soils (El-Nahhal
et al. 2013; Kasozi et al. 2010; Liu et al. 2010; Muendo et al.
2021). However, little information about the toxicity of this
herbicide on important soil organisms such as earthworms
is reported.

Earthworms are the largest group of soil organisms, which
provide vital ecosystem services, and are often referred to
as ‘soil ecosystem engineers’ (Jouquet et al. 2006). They
are susceptible to exogenous stress and often used as an
important model organism to monitor the toxicity effects of
xenobiotics on soil ecosystems (Button et al. 2010; Calisi
et al. 2009; Li et al. 2020; Zhang et al. 2015). In this regard,
many biomarkers such as growth, reproduction, avoidance
behavior, oxidative stress, DNA damage, changes in sub-
cellular morphology, and histology are often used alone or
together to evaluate the responses of earthworms to different
pesticides (Pelosi et al. 2014). Among which, anti-oxidative
defense system at the physiological-biochemical level and
DNA damage at the molecular level are very roust to capture
earthworms’ responses to herbicides at very low concentra-
tions (Shi et al. 2017). A previous study reported that earth-
worm Eisenia andrei showed an obvious avoidance behavior
in the soil spiked with 5-100 mg/kg diuron (Lackmann et al.
2018). However, whether diuron can affect earthworms at
physiological-biochemical and molecular levels at environ-
mentally relevant concentrations still need to be clarified.

Based on standard of the Organization for Economic
Cooperation and Development (OECD 1984), in this study,
the earthworm E. fetida was selected as model organism to
evaluate the toxicity effect of diuron. The changes of oxida-
tive stress, DNA damage, and histopathology were tested.
Moreover, the Integrated Biological Response version 2
(IBRv2) was employed to analyze the integrated responses
in E. fetida toward diuron. The objective of this work was to
further figure out the sublethal toxic effects of environmen-
tally relevant concentrations of diuron on the earthworms.
The findings from this study will provide valuable data
regarding the ecological risk assessment of diuron in the
soil ecosystems.

Materials and methods
Chemicals, soil, and earthworms

Diuron (95% purity) was obtained from Hailir Pesticides
and Chemicals Group located in Qingdao city, China. Other
reagent-grade chemicals were purchased from commercial
corporations. The soil used in exposure experiment was
taken from surface soil (0-20 cm) located in garden of Qing-
dao Agricultural University, China (120°23'12.22384"E,
120°23'12.22384"E) with no pesticide application history

a
* @ Springer

in the past five years. The soil sample belongs to typical silty
clay loam in China, which consists of 31.2% sand, 68.4%
silt, 0.4% clay and pH value is 6.5 (1:2.5 w/v in water).
The air-dried soil samples were ground to pass through a
2-mm sieve and then defaunated in an incubator at 60 °C
for 48 h prior to exposure experiment. The adult earthworms
(E. fetida) were purchased from the Wangjun Earthworm
Breeding Farm (Jurong, Jiangsu, China) and acclimatized at
20+ 1 °C in the laboratory for two weeks prior to exposure
experiment.

Exposure experiment

According to published studies, the initial residue concentra-
tions of diuron in soils were around 0.5 mg/kg at the recom-
mended application usage (Baer and Calvet 1999; Gooddy
et al. 2002). Therefore, in this study, the environmentally
relevant concentrations (ERC) of diuron were set as 0.05
(0.1 XERC), 0.5 (1 XERC), 5.0 mg/kg (10X ERC) dry soil.
Firstly, 62.5 mL of 0.4, 4, and 40 mg/L diuron aqueous solu-
tion were thoroughly mixed with the 500 g soil to obtain the
nominal concentration. The soil spiked with 62.5-mL dis-
tilled water was set as control. Each treatment was repeated
four times. Each spiked soil sample was placed into a 1-L
glass beaker, and the soil moisture was set to 35% by adding
distilled water (Zhang et al. 2015). Secondly, 300-600 mg
of healthy E. fetida with well-developed clitella were trans-
ferred to moist filter papers for 24 h at 20+ 1 °C to empty
their gut contents. The gut-cleaned E. fetida were randomly
put into each beaker. Each beaker contains twenty E. fetida.
Finally, the beaker was covered with perforated sealing film
and maintained in an incubator with the 12 h/12 h light—dark
cycle at 20+ 1 °C for 28 days (Li et al. 2022). On days 7,
14, 21, and 28, five E. fetida were randomly sampled from
each beaker (total of twenty E. fetida for each treatment).
Among them, five E. fetida were used for determining reac-
tive oxygen species (ROS), five for determining the activity
of superoxide dismutase (SOD), catalase (CAT), peroxidase
(POD), and glutathione S-transferase (GST), and content of
malondialdehyde (MDA), five for determining DNA dam-
age, and five for histopathological observation. The selected
E. fetida were rinsed with 0.9% saline and maintained on
clean moist filter paper at 20+ 1 °C in the dark for 24 h to
purge their gut contents before tests. No dead earthworms
were observed during the experimental period.

Determination of enzymatic activity, MDA content,
and ROS

The gut-cleaned E. fetida were weighed and placed into a
glass mortar and ground in liquid nitrogen. The ground E.
fetida powders were transferred into a tube containing ice-
cold phosphate buffer solution (50 mM, pH 7.5, 1:9 w/v).
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The mixtures were centrifuged at 10,000 rpm for 20 min at
4 °C. The yielded supernatants were used for determination
of protein content, enzymatic activity, and MDA content.
The protein concentration was measured by dye binding
method described by Bradford (1976) with bovine serum
albumin as the standard. The absorbance was determined
at 595 nm, and the protein content was calculated based on
the constructed standard curve. The SOD activity was deter-
mined by nitro blue tetrazolium method (Durak et al. 1993).
The CAT activity was determined by H,0O, consumption
method reported by Xu et al. (1997). The POD activity was
assayed by guaiacol method (Kochba et al. 1977). The GST
activity was assayed by 1-chloro-2,4-dinitrobenzene color-
imetry (Habig et al. 1974). The MDA content was measured
by thiobarbituric acid method (Xiang and Wang 1990). All
the detailed operating procedures of above biomarkers are
given in the Supplementary Information.

The ROS level was determined according to the method
of 2,7-dichlorofluorescin diacetate (DCFH-DA) fluorescence
(Lawler et al. 2003). Briefly, the ground earthworms were
mixed with ice-cold potassium phosphate buffer (100 mM,
pH 7.5, 1:9 w/v). The mixtures were firstly centrifuged at
3000 rpm at 4 °C for 10 min and the supernatants were again
centrifuged at 20,000 rpm at 4 °C for 20 min. The pellet
was re-suspended with potassium phosphate buffer (pH 7.5)
to obtain a mitochondrial suspension. Next, the DCFH-DA
solution was added into mitochondrial suspension (2 pM)
and incubated at 37 °C for 30 min. The reaction was termi-
nated by adding 200 pL1 mol/L of HCI, and the fluorescence
intensity was assayed 488 nm excitation and 522 nm emis-
sion by a fluorescence spectrophotometer (F7000, Hitachi,
Japan). The result was defined as the fluorescence intensity
per mg protein.

DNA damage and histology examination

In this study, comet assay was employed to examine the
DNA damage in E. fetida caused by diuron. Firstly, the gut-
cleaned E. fetida were placed in 1 mL of extrusion medium
(5% ethanol, 95% saline, 2.5 mg/mL EDTA, and 10 mg/mL
guaiacol glyceryl ether) for 3 min to induce excretion of coe-
lomocytes (Eyambe et al. 1991). The coelomocytes suspen-
sions were centrifuged at 3000 rpm at 4 °C for 10 min and
the supernatant was discarded. The coelomocytes sediment
was suspended by adding 1 mL of phosphate buffer (pH 7.4)
and used for comet assay. The comet assay was conducted
by a method of Singh et al. (1988), and the detailed proto-
cols are provided in the Supplementary Information. Finally,
the prepared samples were stained with 0.03 mg/mL of eth-
idium bromide for 10 min and viewed by a fluorescence
microscope (Olympus BX53, Japan). At least 100 cells were
captured from each treatment and analyzed by Comet Assay
Software Project (CASP) software (Korica et al. 2003). The

olive tail moment (OTM) was used for quantitation of DNA
damage extent.

In this study, the hematoxylin—eosin (HE) staining
method was used to study the epidermal and intestinal his-
tology of E. fetida after 28-d exposure (Wang et al. 2015).
Briefly, the clitellum posterior parts of gut-cleaned earth-
worms were cut transversely and then fixed for 24 h using
10% formalin. The severed tissues were embedded in par-
affin and sliced vertically for 4-um thick with a freezing
microtome. Sections of 4 um thickness were stained with
HE and observed using an optical microscope for histology
analysis.

Data treatment and statistical analysis

The IBRv2 values of SOD, CAT, POD, GST, ROS, and
MDA were calculated according to the method reported
by Sanchez et al. (2013). All data are presented as the
mean + standard deviation (SD) and analyzed by SPSS 19.0
statistical software. The homoscedasticity and normality
of variance were checked prior to statistical analysis. If the
data meet homoscedasticity and normality, the differences
between various treatments were compared using one-way
analysis of variance (ANOVA) followed by the Tukey’s test
(»<0.05). If not, a nonparametric Kruskal-Wallis test was
employed to compare the statistical significance (p <0.05).
The software OriginPro 2019 (Origin Lab, Northampton,
Massachusetts, USA) was used to plot.

Results and discussion
Oxidative stress of diuron on E. fetida

The ROS, by-products of aerobic metabolism, contain super-
oxide anion (O,"), hydrogen peroxide (H,0,), and hydroxyl
radicals (OH*), which serve as signaling molecules in regu-
lation of molecular and physiological processes in the cells
of living organisms (Finkel 2011). Moreover, ROS are
often associated with the oxidative stress, which indicates
that ROS can induce pathology through damaging proteins,
lipids, and DNA (Schieber and Chandel 2014). Generally,
ROS maintains dynamic balance under normal physiologi-
cal activities. Once this balance is interrupted, the overpro-
duction of ROS will produce oxidative stress in the organ-
isms (Sharma et al. 2012). The result of this study showed
that diuron treatments significantly (p <0.05) induced the
production of ROS in E. fetida as compared to the con-
trol during the first 21 days of exposure. In addition, the
quantity of ROS and diuron concentration showed an obvi-
ous dose—effect relationship. The correlation coefficients
(Rz) are 0.8537, 0.6169, and 0.7373 on days 7, 14, and 21,
respectively (Fig. 1). These findings suggested occurrences
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Fig. 1 Changes of ROS in E. fetida exposed to diuron. Each column
is the mean of three replicates, the error bar is the deviation (SD).
The letters indicated significant differences at p < 0.05 among treat-
ments at the same exposure time. Pr is the abbreviation of protein

of oxidative stress and the probable damage of cells in E.
fetida exposed to diuron (Hou et al. 2016). Moreover, the
results showed that exposure dose (diuron concentration)
played a more important role than exposure time during the
first 21 days of exposure (Fig. 1). At the last exposure time
(28 d), only the highest concentration (5.0 mg/kg, 10 X ERC)
of diuron induced significant (p <0.05) production of the
ROS in E. fetida as compared to the control (Fig. 1), thus
indicating that oxidative stress caused by diuron was revers-
ible and temporary. This can be attributed to the adaption
of the earthworms to the contaminated soil, regulation of
their antioxidative systems, and metabolism of diuron (Wang
et al. 2016; Zhang et al. 2014).

In living organisms, there are enzymatic and non-enzy-
matic mechanisms involved in the regulation of ROS for
protection of cells from the exogenous stress (Lin et al.
2010). Among antioxidant enzymatic systems, SOD, CAT,
and POD play crucial roles in scavenging excessive ROS.
The SOD can decompose free radical O, into H,O,, and the
H,0, can be further catalyzed into H,0 and O, by CAT and
POD (Lin et al. 2012; Soares et al. 2016). As expected, the
result of this study showed that activities of three antioxi-
dant enzymes changed obviously in the earthworm exposed
to diuron as compared to the control especially at the early
stages of exposure (Fig. 2). The SOD activity was remark-
ably inhibited by diuron on day 7. Its activity decreased by
3.3%, 17.8%, and 37.4% in 0.05, 0.5, and 5.0 mg/kg diu-
ron treatments as compared with the control, respectively
(Fig. 2a). The reduced SOD activity could be attributed to
the higher concentrations of diuron-induced excess ROS
(Fig. 1) which exceeded the catalytic threshold of SOD,
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thereby inhibiting the generation of SOD and making them
inactive (Li et al. 2020). With the exposure extension, the
activities of SOD were significantly stimulated only by the
highest concentration of diuron on days 14 and 21, and this
stimulation effect restored to the control level at the last
exposure time (28 d, Fig. 2a). The increase in SOD activity
indicated that SOD in the earthworms recovered its activ-
ity and had capacity to eliminate the excessive ROS with
time (Zhang et al. 2015). In accordance with our results,
similar effects were reported in case of pesticides such as
atrazine and thifluzamide which induced an increase in the
SOD activity in E. fetida (Song et al. 2009; Yao et al. 2020).
As for CAT, its activity has no obvious changes at low
(0.05 mg/kg, 10 X ERC) and medium (0.5 mg/kg, 1 Xx ERC)
concentrations of diuron treatments as compared with the
control during the whole exposure period, while the highest
concentration of diuron (5 mg/kg, 10X ERC) significantly
(p <0.05) stimulated the activity of CAT on days 7, 14,
and 21 (Fig. 2b). This indicated that CAT in E. fetida could
effectively scavenge the excessive H,0, under the stress of
0-5.0 mg/kg of diuron (Li et al. 2020). However, the POD
activity exhibited a different response to diuron stress as
compared to CAT activity in our study. Under the stress
of 5.0 mg/kg diuron, the POD activity showed a changing
trend of activation—inhibition—activation-return to the con-
trol level (Fig. 2¢). This difference between CAT and POD
activities may be attributed to both antioxidant enzymes
that perform different roles in scavenging the H,O,. The
CAT is present in cytosol, peroxisomes, and mitochondria,
and it can directly scavenge H,O, (Gill and Tuteja 2010).
However, the POD can utilize co-substrates such as guai-
acol and ascorbate to indirectly decompose H,O, (Soares
et al. 2016). In addition, based on our results, both CAT and
POD have a synergistic complementary effect against the
stress of ROS induced by diuron. Similar to our results, this
synergistic effect of antioxidant enzymes in earthworms to
resist stress caused by xenobiotics have also been stated by
previous studies (Laszczyca et al. 2004; Wang et al. 2017;
Zhang et al. 2013). The GST is an important detoxification
enzyme which can participate in eliminating the excessive
ROS, contaminants, and metabolites of lipid peroxidation
via interacting with glutathione and electrophiles (Oliveira
et al. 2009). It has been widely used as a sensitive biomarker
to assess the impact of contaminants on earthworms. In this
study, the activities of GST in 0.05 and 0.5 mg/kg of diuron
treatments have no obvious difference with respect to the
control. However, a significant stimulation (p <0.05) was
observed under the highest concentration of diuron (5.0 mg/
kg) treatment (Fig. 2d). This indicated that GST effectively
participated in the detoxification of diuron in E. fetida. This
phenomenon has been confirmed by the study of Aly and
Schroder (2008), where herbicide metolachlor was found
a substrate for the GST. It is worth mentioning that at the
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Fig.2 Changes of SOD a, CAT b, POD ¢, and GST d activity in E.
fetida exposed to diuron. Each column is the mean of three replicates,
the error bar is the deviation (SD). The letters indicated significant

last exposure time (28 d), four enzymatic activities were all
returned to the control level. This indicated that the oxidative
stress caused by diuron (0-5 mg/kg) in the earthworms will
gradually disappear with the extension of exposure time and
diuron degradation (Bretaud et al. 2000; Gooddy et al. 2002;
Zhang et al. 2014).

The MDA is a product of lipid membrane peroxidation
and its content can indicate lipid peroxidation level from
the side (Saint-Denis et al. 2001). Therefore, the content
of MDA in E. fetida was determined for further clarify-
ing whether environmentally relevant concentrations
of diuron could result in severe lipid peroxidation in the
earthworms. The results showed that low concentration of
diuron (0.05 mg/kg) did not cause increment in MDA con-
tents. However, medium concentration of diuron (0.5 mg/
kg) result in the significant (p <0.05) increment in MDA
contents on day 7, while the contents of MDA were sig-
nificantly increased under high concentration (5.0 mg/kg)
of diuron on days 7 and 14 (Fig. 3). Based on the result of
ROS and enzymatic activity (Fig. 1 and Fig. 2), this might
be attributed to the fact that the excessive ROS induced by
high concentrations of diuron could not be completely scav-
enged by antioxidative enzyme systems at the early stage of
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Fig.4 Effects of diuron on DNA damage in E. fetida. Each column is
the mean of three replicates, the error bar is the deviation (SD). The
letters indicated significant differences at p < 0.05 among treatments
at the same exposure time. Pr is the abbreviation of protein

exposure in E. fetida, thereby causing peroxidation of the
lipid membranes. Likewise, previous studies also reported
that the environmentally relevant concentrations of herbi-
cides (e.g., sulfentrazone and fomesafen) only resulted in a
short-term lipid peroxidation at the early days of exposure
in E. fetida (Li et al. 2020; Zhang et al., 2013). On days 21
and 28, the MDA contents in all diuron treatments have no
significant differences with those of the control treatments
(Fig. 3), thus indicating that diuron-induced lipid peroxida-
tion in E. fetida was gradually alleviated by the combined
action of antioxidant and detoxification enzymes with time
(Li et al. 2022). Overall, according to the results of ROS,
enzymatic activities, and MDA contents, we conclude that
environmentally relevant concentrations of diuron (0-5 mg/

Fig.5 Transverse sections of
segments from the posterior
region of E. fetida exposure

to diuron after 28 days. A
Cuticular layer, B Circular
muscle layer, C Longitudinal
muscular layer, D Intestinal
tract, E Typhlosolis, F Intestinal
epithelium

Control
N b
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kg) only lead to a mild oxidative stress to E. fetida at the
early exposure period (< 14 d).

DNA damage and histopathology in E. fetida
under the stress of diuron

Oxidative damage is often closely related to genotoxicity
in organisms since DNA damage is usually considered as
the result of oxidative stress and lipid peroxidation (Dogan
et al. 2011). Because ever since Ostling and Johanson (1984)
developed comet assay, it has been widely accepted as a
rapid, sensitive, and simple technology to detect DNA dam-
age of living organisms (Button et al. 2010; Mitchelmore
et al. 1998). Therefore, we used comet assay to determine
whether diuron can result in DNA damage of E. fetida. In
this study, results showed that OTM values in the diuron
treatments have no statistical difference with those of the
control treatments on day 7 (Fig. 4), indicating that diuron
(0-5 mg/kg) cannot cause DNA damage to E. fetida in a
short time. However, with the exposure extension, the signif-
icant enhancement (p <0.05) of OTM values was observed
in E. fetida exposed to both 0.5 and 5.0 mg/kg of diuron
on day 14 (Fig. 4). Moreover, the OTM values were posi-
tively related to the concentrations of diuron. This indicated
that medium and high concentrations of diuron can cause
a potential DNA damage in the coelomocytes of E. fetida
at the early exposure. The reason, according to our results
and previous studies, can be attributed to the accumulation
of ROS and oxidative stress, which ultimately led to DNA
damage (Dogan et al. 2011; Song et al. 2019). Interestingly,
after 14 days, the OTM values in diuron treatment gradually
declined and restored to the control level on day 28 (Fig. 4),
indicating that DNA damage caused by diuron was alleviated
over exposure time. In line with our study, many previous
studies also stated that DNA damage could be alleviated
after longer exposure time in the earthworms exposed to
pesticide spirotetramat and sulfentrazone (Li et al. 2020;
Zhang et al. 2015). The mitigation of DNA damage could be
attributed to the pesticide dissipation, antioxidant enzymes

cles
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protection, and DNA self-repair (Ching et al. 2001; Li et al.
2018; Wang et al. 2018). According to the DNA damage
criterion described by Mitchelmore et al. (1998), the higher
concentrations of diuron (0.5 and 5.0 mg/kg) only resulted
in low damage to the coelomocytes of E. fetida on days 7
and 14. On days 21 and 28, diuron cannot result in DNA

1 () N 0.05 mg/ke [ 0.5 mg/ke [ 5.0 mg/kg

14 21 28
Time (days)

damage to E. fetida, indicating that DNA damage will be
self-repaired over time when the earthworms are subjected
to lower stress (Li et al. 2020).

Histopathology has become an important and effective
tool for investigating the impacts of pollutants on earth-
worms at the cellular level (Li et al. 2022; Yang et al. 2018).
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In this study, both epidermis and gut tissues of E. fetida were
observed because xenobiotics can be contacted via direct
and digestive absorption ways (Qi et al. 2018). The result of
this study showed that all parts of epidermis and gut tissues
in E. fetida have no obvious differences between control and
diuron treatments (0-5.0 mg/kg) after 28 days of exposure
(Fig. 5), suggesting that environmentally relevant concen-
trations of diuron could not result in tissue damage of E.
fetida in a longer exposure period. This may be attributed to
the fact that earthworms have a great power of regeneration
when they were suffered from slight damage by xenobiotic
pollutants (Morowati 2000; Rouchaud et al. 2000).

Integrated assessment of diuron exposure

In order to further clarify the comprehensive influence
caused by diuron, the IBRv2 index was applied because
it can provide an intuitive comparison of evaluating the
responses of multiple biomarkers in living organisms under
environmental stress (Li et al. 2020; Sanchez et al. 2013).
In this study, the integrated responses of ROS, SOD, POD,
CAT, GST, and MDA were analyzed and compared. The
result showed that the distance from zero in 5.0 mg/kg diu-
ron treatment was obviously far away from 0.05 and 0.5 mg/
kg diuron treatments (Fig. 6a), indicating that the highest
concentrations of diuron caused the most serious oxidative
damage in the E. fetida (Yang et al. 2018). Among the bio-
markers, the IBRv2 values of ROS and GST were higher
than those of other biomarkers (Fig. 6a), suggesting ROS
and GST are sensitive biomarkers in the earthworms toward
the stress of diuron. Similar to our study, previous studies
also demonstrated that ROS could be firstly induced in the
organisms once they were under stress of xenobiotics (e.g.,
mandipropamid and sulfentrazone) and GST likely played
more important role in alleviating the oxidative stress com-
pared to other.

antioxidases (Fang et al. 2021; Li et al. 2022). The IBRv2
values of SOD, CAT, and POD are intertwined with each
other in various exposure times, thus further indicating that
these three antioxidases in E. fetida work together against
the oxidative stress from diuron. On the timeline, the total
IBRv2 values of 5.0 mg/kg diuron treatment showed a ten-
dency of first rise and then decline (Fig. 6b), implying that
the diuron-induced oxidative stress effect in E. fetida was
related with exposure time, and it was reduced over time (Du
et al. 2015; Song et al. 2019).

Conclusion
Natural soil test showed that the environmentally relevant

concentrations of diuron (0-5.0 mg/kg) induced slight oxi-
dative stress and DNA damage to E. fetida in a short-term

]
* @ Springer

exposure (< 14 d). At the end of exposure period (28 d),
these negative effects diminished and/or disappeared. The
epidermis and gut tissues of E. fetida were not damaged by
diuron (<5.0 mg/kg). IBR showed that ROS and GST can
be used as sensitive biomarkers to monitor ecotoxicological
toxicity of diuron on the earthworm in the early exposure.
Overall, the results of this study indicated that herbicide
diuron is relative safety to the earthworms when it is used at
the recommended doses in the fields.
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