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Abstract
Phenanthrene (PHE) contamination not only changes the quality of soil environment but also threatens to
the soil organisms. There is lack of focus on the eco-toxicity potential of contaminants in real soil in the
current investigation. Here, we assessed the toxic effects of PHE on earthworms (Eisenia fetida) in
natural soil matrix. PHE exhibited a relatively high toxicity to E. fetida in natural soil, with the LC50

determined to be 56.68 mg kg−1 after a 14-day exposure. Excessive ROS induced by PHE, leading to
oxidative damage to biomacromolecules in E. fetida, including lipid peroxidation, protein carbonylation,
and DNA damage. The antioxidant defense system (total antioxidant capacity, glutathione S-transferase,
peroxidase, catalase, carboxylesterase, and superoxide dismutase) in E. fetida responded quickly to
scavenge excess ROS and free radicals. Exposure to PHE resulted in earthworm avoidance responses (2.5
mg kg−1) and habitat function loss (10 mg kg−1). Histological observations indicated that the intestine,
body wall, and seminal vesicle in E. fetida were severely damaged after exposure to high-dose PHE.
Moreover, earthworm growth (weight change) and reproduction (cocoon production and the number of
juvenile) were also inhibited after exposure to this pollutant. Furthermore, the integrated toxicity of PHE
toward E. fetida at different doses and exposure times was assessed by the integrated biomarker
response (IBR), which con�rm that PHE is more toxic to earthworms in the high-dose and long-term
exposure groups. Our results showed that PHE exposure induced oxidative stress, disturbed antioxidant
defense system, and caused oxidative damage in E. fetida. These effects can trigger behavior changes
and damaged histological structure, �nally cause growth inhibition, genotoxicity, and reproductive toxicity
in earthworms. The strength of this study is the comprehensive toxicity evaluation of PHE to earthworms
and highlights the need to investigate the t eco-toxicity potential of exogenous environmental pollutants
in a real soil environment.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are made up of more than two fused aromatic rings in a linear
or clustered arrangement (Eom et al. 2007; Gan et al. 2009; Achten and Andersson 2015). PAHs are class
of hazardous chemicals, which are of great concern because of their carcinogenicity, teratogenicity,
mutagenicity and toxicity properties (Elyamine and Hu 2020; Tomasetig et al. 2020). These chemicals are
generated mainly from the incomplete pyrolysis of combustion of organic material such as coal, wood,
and petroleum (Wilcke 2007; Maletić et al. 2019). In addition, accidental leakage of petroleum
hydrocarbons during the exploration, transportation, production, re�ning, and storage also produce a
large amount of PAHs (Wang et al. 2010; Chikere et al. 2012). Both the European Union (EU) and US EPA
have identi�ed sixteen representatives of PAHs as priority pollutants (Dimashki et al. 2001; Ma et al.
2015). Apart from the potential risks posed to human and animal health, potential risks are also posed to
the environment, including atmosphere, soil, and water (Rubio-Clemente et al. 2014; Maletić et al. 2019).

Soil is the primary environmental sink for various contaminants since these chemicals can enter into the
soil through both dry and wet deposition when they are emitted into the atmosphere (Chi 2014; Jia et al.
2017). Among the studies found, the soil has been polluted by polycyclic aromatic hydrocarbons in many
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countries (Johnsen et al. 2005; Fida et al. 2012). PAHs have highly stable chemical structures and long
half-lives, so they are highly di�cult to degrade in the soil (Ping et al. 2007; Chen et al. 2013). High
concentrations of ∑16PAHs were found in Chinese surface soil ranged from 9.90 to 5911 µg kg−1,
especially riverbank soil exhibited a higher level (Ma et al. 2015; Deng and Zeng 2017). More importantly,
PAHs exist in the soil inevitably have a signi�cant impact on terrestrial environments (Wu et al. 2012b; He
et al. 2021a).

Hydrocarbons are more likely to aggregate and accumulate in the pores among soil particles. This leads
to the decrease of soil permeability to oxygen and water, resulting in the reduction of soil quality (Osuji et
al. 2006). The toxicity and bioavailability of pollutants such as PAHs in soil are affected by soil types and
soil properties (Duan et al. 2016). Previous studies have found that soil particle size could affect the
distribution and accumulation of pollutants in soil, and PAHs prefer to accumulate in �ne soil particles
(Wang et al. 2020). Other factors (e.g., soil organic matter content, soil pH, soil particle size, and soil
microbial activities) can also in�uence the degradation of environmental contaminants such as heavy
metals and PAHs in soil (Askari et al. 2020; Xu et al. 2021). Therefore, the soil types and soil properties
should be considered in ecological risk assessment and soil environmental quality standards
establishment (Duan et al. 2016; Zhu et al. 2020).

Phenanthrene (PHE, structure shown in Fig. S1) is one of the most abundant low-molecular-weight PAHs,
which is widespread in the environment. It is estimated that annually about 29,190 tons of phenanthrene
are released into the environment (He et al. 2021a). Exposure to and toxicity from PHE has been reported
in human and aquatic organisms (Hong et al. 2017). Moreover, PHE exhibited potential threats to soil
invertebrates such as earthworms (Andreoni et al. 2004; Picariello et al. 2020; He et al. 2021a). The LC50

value for E. fetida ranged between 31.47 to 281 mg kg−1 after 14 exposure to PHE. The difference in PHE
toxicity to earthworms is evident in response to soil types and assay methods. Zhu et al. (2020) reported
that the toxicity of toxic substances to soil invertebrates could be in�uenced by soil physicochemical
properties. Hence, soil characteristics are one of the main factors affecting the toxicity of multiple
exogenous environmental pollutants to soil organisms.

Previous studies have only focused on the toxic effects of numerous environmental pollutants on
earthworms in arti�cial OECD soil, with few studies reporting on their toxicity potential in a real soil
environment. In this study, the acute toxicity of PHE toward earthworm Eisenia fetida was �rst evaluated
in natural soil medium. We further evaluated the effects of PHE exposure on the behavior, growth, and
reproduction of E. fetida. In addition, the histopathological examination was also performed to assess the
tissue damage of PHE to the intestine, body wall, and seminal vesicle of adult E. fetida. To
comprehensively compare the toxic effects of PHE to E. fetida at different doses and exposure times, a
series of biomarkers including the ROS level, oxidative damage degree, and antioxidant enzyme activity
changes induced by PHE were chosen to calculate the integrated biomarker response (IBR) index. The
purpose of this study is to elucidate the importance of soil types when evaluating PHE toxicity in multi-
contaminated soil ecosystems and provide a valuable reference for assessing the ecological risks of
toxic xenobiotics, including PAHs in a real soil environment.
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Materials And Methods

Chemicals and reagents
Phenanthrene of 99.5 % purity was purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents
(analytically pure) were acquired from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China) and Tianjin
Kaitong Chemical Reagent Co. Ltd. (Tianjin, China). The Kits used in this study were acquired from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China) and Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China). Moreover, ultrapure water (18.25 MΩ cm) was used for all of the experiments.

Test organisms and soil
The tested natural soil without any contamination was collected from Shandong University experimental
�elds (Qingdao, China) (36.36 N, 120.68 E). Then, the soil was air-dried, and sieved with a 10 mm mesh
sieve to remove pebbles and coarse fragments. The moisture content of the tested soil was controlled at
30% throughout the experiments. The physicochemical properties of tested soils were exhibited in Table
S1. No PAHs were detected in the tested soils.

Earthworms (Eisenia fetida) were purchased from Shandong Agricultural University (Taian, China). The
tested earthworms were incubated in the laboratory at 20 ± 1°C, with humidity varying between 70 and
80%, and a 12 : 12 h (L : D) photoperiod for at least 14 days. Healthy mature adult earthworms with well-
developed clitella and similar body weight (350–400 mg) were chosen for further experiments. Test
earthworms were transferred in the tested natural soil described above in an arti�cial climate chamber,
and pre-incubated for 24 h before exposure to phenanthrene.

Acute toxicity test
The acute toxicity of E. fetida was assessed in 1-L glass beakers (six replicates per concentration) with
500 g natural soil as described by the OECD Test Guideline (OECD 1984) with some modi�cations. A
standard stock solution was prepared by dissolving 0.5025 g of PHE in 50 mL acetone at a concentration
of 10000 mg/L. The stock solution was diluted with acetone to give the required various PHE
concentrations that were added with 500 g of the natural soil described above. Table S2 exhibits the
acute exposure doses of PHE used in this study. The soil of each treatment was thoroughly mixed, and
�lled into 1-L beakers. All beakers were shifted to a well-vented fume hood to remove acetone for 12 h.

Before exposure to PHE, the earthworms were rinsed with ultrapure water, and then placed on humid �lter
paper in Petri dishes for 24 h to promote the gut content excretion. Then, ten individuals were transferred
to each beaker. Next, the beakers were covered using plastic �lm to limit the evaporation of water and
prevent earthworm escape, and cultured at 20 ± 1°C temperature, 75 ± 5% relative humidity, and a
photoperiod of 12 : 12 h. The same amount of acetone was established as the control. Earthworms were
fed sterile cow manure at a dose of 0.50 g per individual per week. The number of surviving earthworms
was checked and recorded at 7 and 14 d after PHE exposure.

Avoidance test
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According to the acute toxicity test, Five PHE doses (0, 1.25, 2.5, 5, and 10 mg kg−1) were used to evaluate
the avoidance behavior of adult E. fetida in natural soil medium. The avoidance test was conducted by
the ISO 17512-1 standard (ISO 2008). Brie�y, the beakers were divided into two sections by a partition.
One-half of the beaker was �lled with 300 g soil contaminated with PHE (1.25, 2.5, 5, and 10 mg kg−1)
(Section A), and the other half was added with the similar amount of untreated soil (Section B). Then, the
partition was removed, and ten adult E. fetida were transferred to the central space of the beaker. The
beakers were covered with a pored plastic �lm to a allow oxygenation and void earthworm escape. Then,
they were cultured in a controlled climate chamber, and the rearing conditions were consistent with those
mentioned above (Section 2.3). An equal volume of acetone was added as black control. Six replicates
were conducted for each treatment group. After 48 h of exposure, the surviving individuals in each half of
the container were counted. The avoidance response of each treatment was assessed via the following
equation:

  (1)
where NR represents the net avoidance response (%), N represents the number of sum earthworms of
each beaker, and C and T are earthworms in the control soil without PHE and in PHE-amended (treated)
soil, respectively.

The avoidance response were classi�ed by Equation (1) as described by ISO (2008): ( ) no effect and/or
no response (NR < 20%); ( ) avoidance effect (20% ≤ NR ≤ 80%); ( ) habitat function loss (NR > 80%).

Toxic effects on E. fetida following exposure to phenanthrene

Preparation of earthworm samples
Five PHE concentrations at 0, 1.25, 2.5, 5, and 10 mg kg−1 were selected for measuring the detoxi�cation
and antioxidant processes, oxidative damage degree, and genotoxicity on adult E. fetida. The exposure
treatment protocol was similar to those described in the acute toxicity test (Section 2.3). After treatment,
tested earthworms were cultured as described in Section 2.3. 5 g of sterile cow manure per earthworm per
week was provided as food.

After 1, 3, 5, 7, and 14 days of exposure, the survival individuals were removed from beakers and rinsed
with deionized water. To empty intestinal contents, the earthworms were incubated for 24 h. Afterwards,
the individuals were quickly frozen with liquid nitrogen, and earthworm samples were stored at −80°C
until analysis. Earthworm tissue samples were homogenated with phosphate buffer solution and then
centrifuged at 2000 rpm at 4°C for 15 min. The supernatant was used for the following analyses (total
protein content, malondialdehyde (MDA), total antioxidant capacity (TAC), peroxidase (POD), glutathione
S-transferase (GST), catalase (CAT), carboxylesterase (CarE), and superoxide dismutase (SOD)).

ROS level measurement
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DCFH-DA (2′,7′-dichloro�uorescin diacetate) is a commonly used ROS �uorescent probe described
previously (Lawler et al. 2003; Charan et al. 2020). DCFH-DA itself has no �uorescence that enters the
internal cells and is hydrolyzed by esterases to DCFH, a non-�uorescent compound. Oxidation of DCFH
produced strong green �uorescence in the presence of ROS. Therefore, DCF �uorescence intensity can
re�ect intracellular ROS levels in cells. Earthworm tissues were homogenized as described by Xu et al.
(2021), and the �uorescence intensity was detected on a microplate reader (Spark, TECAN, Switzerland)
using an emission of 525 nm and excitation of 485 nm.

Assessment of antioxidant enzyme activities
The antioxidant enzyme activities (TAC, CarE, GST, POD, CAT, and SOD) in E. fetida were measured by the
instructions of the Assay Kit. The total protein content in E. fetida was determined by the Bradford
method (Bradford 1976). The detailed processes were described in the Supplementary Material.

Determination of oxidative damage degree in E. fetida

Lipid peroxidation determination
Lipid peroxidation levels could be assayed by detecting the end product of lipid peroxidation,
malonaldehyde (MDA), which can condense with thiobarbituric acid (TBA) to generate a red product that
absorbs strongly at 532 nm (Asakawa and Matsushita 1980; Ece et al. 2008). A total of 200-µL
supernatant was used to detect the MDA content in E. fetida as per the instructions of the MDA Assay Kit.
Absorbance at 532 nm was detected using a UV-2600 spectrophotometer (Shimadzu, Japan).

Measurement of protein carbonylation (PCO)
The PCO level was evaluated by a previously reported method (Luo and Wehr 2009; Liu et al. 2018).
Carbonyl groups in proteins can react with 2,4-dinitrophenylhydrazine to produce protein-bound 2,4-
dinitrophenylhydrazones, which was detected spectrophotometrically at 370 nm using a UV-2600
spectrophotometer (Shimadzu, Japan) with quartz cuvettes (0.5-cm path length). Earthworm tissue
homogenates and experimental processes were conducted by the instructions of the PCO Assay Kit.

Determination of DNA damage of E. fetida coelomocytes

8-OHdG level determination
The amount of 8-OHdG was measured by an enzyme-linked immunosorbent assay (ELISA) kit. Tissue
samples were processed as per the constructions of the Assay Kit. A total of 50-µL supernatant was used
to assess the 8-OHdG level in E. fetida. The values of absorbance at 450 nm were recorded on a
microplate reader (Spark, TECAN, Switzerland). A standard curve was �tted using a four-parameter non-
linear logistic regression model with ELISAcalc software.

Comet assay
Comet assay was conducted to assess the degree of DNA damage in E. fetida coelomocytes (Song et al.
2009). Two survival earthworms were removed from each treatment to assess the DNA damage on days
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1, 3, 5, 7, and 14. Then, the earthworms were washed with ultrapure water and cultured for 24 h. The
coelomocytes were collected using an extracting solution (1 g guaifenesin, 0.25 g EDTA, 5% alcohol, and
0.9% normal saline) (Song et al. 2009; He et al. 2021a). The coelomocytes, including extracting solution,
were centrifugated at 2000 rpm for 5 min. After centrifugation, the supernatant was discarded, and the
coelomocytes were washed three times with normal saline.

The coelomocytes were mixed with low-melting agarose (0.75%) and pipetted onto a microslide loaded
with normal-melting agarose (NMA, 0.75%). After the solidi�cation, the cell lysis, DNA unwinding,
electrophoresis, neutralization, and staining were realized by the methods of Song et al. (2009). Then, the
comets were observed and captured with a Nikon Eclipse Ti-s �uorescence microscope (Nikon, Tokyo,
Japan). At least 150 cells were analyzed per sample using the CASP software (CaspLab.com) (Końca et
al. 2003).

Measurement of weight change of E. fetida

Five PHE doses (0, 1.25, 2.5, 5, and 10 mg kg−1) were chosen for assessing the weight change of adult E.
fetida in natural soil. Earthworms and exposure conditions were prepared as described above (Section
2.3). Before the exposure to PHE, the weight of adult earthworms in each exposure group was weighed on
an electronic analytical balance (Sartorius, BT125D) and recorded as W0. At 7, 14, 21, and 28 days, the
tested earthworms were weighed and recorded as Wt. The weight change was assessed via the following
formula:

Weight change (%) =   × 100% (2)

Assessment of reproductive toxicity of E. fetida

Earthworms exposed to PHE as described in Section 2.6 for assessing the reproductive toxicity of
juveniles produced by E. fetida in natural soil. Each week, the soil moisture of each beaker was checked
and replenished by adding ultrapure water. Moreover, an appropriate amount of cow manure was added
as food every week. On days 28 and 56 of the experiment, two soils contaminated with PHE in each
treatment were sieved using a 1-mm mesh aperture and recorded the number of cocoons and juveniles.

Microstructure of the intestine, body wall, and seminal vesicle of adult E. fetida

For histopathological examination, four live earthworms were taken from each treatment after 28 days of
exposure. The soil on the surface of earthworms was washed with ultrapure water. Then, the individuals
were transferred in Petri dishes to depurate for 24 h. After depuration, about 5 mm tissue of the seminal
vesicle and intestine of individual earthworm was cut with a razor blade, and then soaked in
formaldehyde for 48 h. The �xed samples were dehydrated with ethanol, permeated with wax, and
embedded in wax. Sections were sliced at a thickness of 10 mm and stained with hematoxylin and eosin
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(H&E). Finally, the microstructure of the intestine and seminal vesicle of earthworm was observed on a
Nikon Eclipse Ci-L microscope (Nikon, Tokyo, Japan).

Integrated biological response
The integrated biomarker response v2 (IBRv2) (Sanchez et al. 2013) was used to assess the
comprehensive toxic effects of PHE exposure at different doses and exposure times. In this study, a
series of biomarkers including MDA, ROS, GST, CarE, POD, SOD, CAT, TAC, PCO, 8-OHdG, and OTM of E.
fetida after PHE exposure on days 1, 3, 5, 7, and 14 were selected to calculate IBR index. The detailed
procedure of IBRv2 calculation was described in Supplementary Materials.

Data analysis
Statistical differences of all data in this study were analyzed using one-way ANOVA followed by the least
signi�cant difference test (P < 0.05) by SPSS 26.0 (SPSS Inc., Chicago, IL, USA). The IBRv2 values were
calculated using Microsoft Excel 2010. All �gures were plotted using SigmaPlot 14.0 (Systat Sofware Inc.,
San Jose, CA, USA).

Results And Discussion

Acute toxicity
The results of acute toxicity (7-d and 14-d LC50) of PHE toward adult E. fetida in natural medium are
exhibited in Table S3. In the control groups, the mortality rate during the test period of exposure was
below 5%. As shown in Table S3, PHE caused lethal toxicity at 103.41 mg kg−1 of the LC50 value after 7-d

exposure. At the same time, Nam et al. (2017) reported that a higher mortality with 86.20 mg kg−1 of LC50

value in arti�cial soil after PHE exposure for 7 d. The LC50 of E. fetida in natural soil after 14 d treatment

with PHE was 56.68 mg kg−1 (Table S3), which was similar to that of measured values in the natural
medium was 40.67 mg kg−1 (Wu et al. 2011). The difference in toxicity between different studies may be
due to the types of food supply and the total water-holding capacity of tested soil during the trial period
(Nam et al. 2015). Another reason might be the variance among individuals from different populations
used. Importantly, we found that the earthworms did not get into the soil above 12.5 mg kg−1 of PHE
exposure. More research should be conducted to reveal the relationships between PHE toxicity to
earthworms and soil properties.

Effects of phenanthrene on the ROS levels in adult E. fetida

Reactive oxygen species produced in cells and contributed by a disruption of cellular redox balance (Song
et al. 2009; Delmastro-Greenwood et al. 2014; Song et al. 2019). Moreover, ROS have been reported to be
induced various biological effects, including cell growth, apoptosis, and protein activity, leading to
substantial damage to cellular function, and even structure (Choudhury and Panda 2005; Shin et al.
2009). The intracellular amount of ROS is an important biomarker for oxidative stress, and the increased
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ROS levels can effectively re�ect the level of oxidative stress (Song et al. 2009; Zhang et al. 2014). The
changes of ROS levels in adult E. fetida when earthworms were treated with PHE at different time
intervals are shown in Fig. 1.

As exhibited in Fig. 1, no signi�cant difference was found between the groups exposed to a lower dose of
PHE (1.25 mg kg−1) and the control group. However, in higher dose PHE-treated groups (2.5, 5, and 10 mg
kg−1), the ROS levels in adult E. fetida was dramatically induced compared to the control treatment on the
�rst day after PHE exposure (Fig. 1). Compared to the control, the ROS levels in all PHE-treated groups
(1.25−10 mg kg−1) was observably induced than that of the control group on days 3, 5, 7, and 14, and it
increased with the PHE concentration, showing a clear dose-response relationship (Fig. 1). He et al.
(2021a) also reported that the ROS levels in coelomocytes of E. fetida was signi�cantly increased,
showing a clear dose-effect relationship after 24-h exposure to phenanthrene. These results suggest that
PHE exposure can damage the balance between elimination and production of ROS in cells, inducing an
increased ROS production and accumulation of ROS-derived damages, eventually leading to oxidative
stress in E. fetida.

Antioxidant defense responses in adult E. fetida after phenanthrene exposure

The antioxidant defense systems in living organisms can spontaneously eliminate ROS or repair damage
induced by the action of oxidative stress to prevent irreversible cellular oxidative damage in normal
physiological conditions (Sies 1997; Ece et al. 2008). When facing exogenous stress, various intracellular
antioxidases, and small-molecule antioxidants (e.g., SOD, CAT, GST, and TAC ) exist in E. fetida respond
quickly to scavenge excess ROS and free radicals, and lessen cellular oxidative stress and associated
cellular damage (Wu et al. 2011; He et al. 2021a). Of the antioxidant system, SOD and CAT provide the
�rst line of defense against oxidative damage caused by excessive ROS in cells (Zhang et al. 2020).

SOD, identi�ed as essential component in antioxidant defense system (El-Mas et al. 2012) that can
effectively remove the intracellular oxygen free radicals (O2

−) through decomposing them into molecular
oxygen (O2) and hydrogen peroxide (H2O2) (Song et al. 2009; Liu et al. 2017). In this study, the SOD
activities in earthworms were activated in all PHE-treated groups on days 1 and 3 (Fig. 2A). Increased
SOD activity indicates that E. fetida has begun to retard the oxidative damage caused by PHE. The SOD
activity in higher treated groups (5 and 10 mg kg−1) was inhibited beginning at day 5 until day 14 (Fig.
2A). The decrease in SOD activity may be attributed to the O2

− level exceeding the eliminating ability of
SOD under PHE stress, thereby inhibiting SOD activity.

However, H2O2 is similarly a kind of ROS, which has a strong ability to induce cell oxidative damage, and
it can also stimulate ROS generation (Liu et al. 2017; He et al. 2021b). CAT is a speci�c H2O2 scavenger,
which can remove the excess H2O2 by converting it into O2 and H2O (Wu et al. 2012a; Liu et al. 2018). In
PHE amended soil, the CAT activity in earthworms showed an upward trend on the �rst day and third day
(Fig. 2B). However, the activity of CAT begun to decrease as the time of exposure was extended (7 and 14
d) (Fig. 2B). According to the theory of ROS (Mittler 2002; Zhang et al. 2020), the increased CAT activity
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may be induced by external factors, which lead to an increase in the amount of ROS produced in
earthworms, so the biosynthesis of CAT was signi�cantly increased. The decrease of CAT activity may be
due to PHE exposure increases the levels of oxidative stress, resulting in the removal rate of ROS lower
than the production rate of ROS. Another reason may be that the enzyme superoxide dismutase in cells
converts O2

− into H2O2, and excessive H2O2 can inhibit the activity of CAT (Zhang et al. 2021).

As another important antioxidant enzyme, POD involves in the defense mechanism against exogenous
stresses by removing the excess H2O2 in cells (Song et al. 2009; Zhang et al. 2014). Fig. 2C exhibits that
the POD activity in adult E. fetida after PHE exposure at different time intervals. In all PHE-treated groups,
the POD activity in earthworms was activated compared to the control. It increased with the PHE dose
and the treatment time, showing a clear dose-response relationship (Fig. 2C). The enhanced POD activity
may be that the oxidative stress to E. fetida increases with increasing PHE concentration, and POD
assists CAT to eliminate excess H2O2 in earthworms under PHE stress (Qiao et al. 2019).

GST is the most important phase II detoxifying metabolic enzyme in cells (Saint-Denis et al. 1998; Liu et
al. 2017) that can remove ROS caused by oxidative stress through accelerating the combination of ROS
with electrophilic reagents and glutathione to metabolize contaminants (Pickett and Lu 1989). Besides
that, GST can also eliminate the lipid peroxidation metabolites such as malondialdehyde and reduce DNA
damage in organisms (Song et al. 2019; Yao et al. 2020; 2021). The enzymatic activities of GST in adult
E. fetida exposed to PHE at various time intervals are shown in Fig. 2D. As illustrated in Fig. 2D, no
signi�cant difference was observed between PHE-treated groups and the control group at 1st day.
Comprehensive results showed that the activity of GST in earthworms increased at early periods of
exposure (3 and 5 d) and then decreased after treatment with different doses of phenanthrene on days 7
and 14 (Fig. 2D). This �nding indicates that the increased GST activity was needed to effectively detoxify
the PHE-induced ROS and oxidative damage to reduce the toxicity of harmful compounds against
earthworms. The deceased GST activity may be due to the excessive ROS and free radicals induced by
PHE beyond the normal detoxi�cation or repair capacities in earthworms.

CarE, an enzyme responsible for the detoxi�cation of exogenous toxicants, which is involved in
xenobiotic metabolisms in organisms (Wang et al. 2019). Additionally, previous studies have reported
that the CarE activity in earthworms shows the slowest recovery rate among other organisms (Collange et
al. 2010; Ečimović et al. 2019). Hence, CarE is an excellent biomarker for assessing the environmental
impacts of pollutants. The activity of CarE in adult E. fetida after exposure to PHE in natural soil medium
is presented in Fig. 2E. The CarE activity in E. fetida in treatment groups exposed to PHE was not
signi�cantly different from that in the control group on 1st day (Fig. 2E). In the higher dose treatment
groups (5 and 10 mg kg−1), the CarE activity in earthworms was signi�cantly activated compared to the
control on days 3 and 5. In addition, the CarE activity in E. fetida of all PHE-treated groups was
observably lower than that in the untreated group, and it decreased with the PHE dose, exhibiting a clear
dose-response relationship (Fig. 2E). This result shows that exposure to PHE can inhibit the activity of
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CarE, resulting in the detoxi�cation function in E. fetida was impaired, especially in the high-dose and
long-time exposure.

Total antioxidant capacity (TAC) including non-enzymatic antioxidant defense systems and antioxidant
enzymes that can supply a comprehensive antioxidant assessment (Sies 1997; Meng et al. 2019). Its
levels are considered a key evaluation index that re�ects the scavenging capacity of free radicals and
ROS in living organisms (Chen et al. 2015; Hu et al. 2019). The T-AOC levels in adult E. fetida after
exposure to PHE in natural soil soil are exhibited in Fig. 2F.

As indicated in Fig. 2F, the T-AOC levels in earthworms were higher in all PHE-treated groups at all time
points, except for a lower dose treatment group (1.25 mg kg−1) on 1st day in the natural medium. The
increase in the total antioxidant capacity indicated that E. fetida have begun to remove damage caused
by PHE pressure. However, a decreased tendency of the TAC levels in E. fetida was observed at a high
concentration (10 mg kg−1) on the last day (14 d) of PHE exposure. This result indicated that the
antioxidant system in E. fetida could not completely counteract the oxidative stress induced by PHE, and
increased ROS can lead to oxidative damage to E. fetida, especially exposure at higher doses and longer
times.

Effects of phenanthrene on the degree of oxidative damage in adult E. fetida

Upon exposure to exogenous stress, the production of ROS in cells is an inevitable process (Song et al.
2009). Meanwhile, the endogenous antioxidant system in cells is not su�cient to remove excess ROS
under most oxidative stress conditions (Sies 1997; Jiang et al. 2020). The accumulation of excess ROS
can result in oxidative damage to macromolecules, such as lipids, proteins, and DNA, thus accelerating
the development of LPO, protein carbonylation, and DNA damage, ultimately trigger cell death (Wu et al.
2012b; Liu et al. 2017).

Malondialdehyde (MDA) is known as the cell membrane lipid peroxidation end-products, which is widely
considered as an oxidative stress indicator in cells (Song et al. 2009; Zhu et al. 2020). Also, its contents
can indirectly re�ect the damage level of LPO and cell membranes (Qiao et al. 2019). The changes in
MDA content in E. fetida exposed to PHE in natural soil matrix are exhibited in Fig. 3A. Similar to the ROS
results, the MDA levels in E. fetida was beyond the normal levels in all PHE exposure treatments
throughout the exposure trial period. Moreover, the MDA content was greatly enhanced as the
concentration of PHE increased, showing an explicit dose-response relationship (Fig. 3A). The increased
MDA content indicated that PHE exposure could induce more ROS in E. fetida and cause LPO and
oxidative damage to earthworms. Previously, He et al. (2021a) also reported that PHE exposure can
induce lipid peroxidation in coelomocytes of E. fetida. These �ndings indicate that PHE could trigger
oxidative damage to cell membranes in adult E. fetida, especially at high concentration levels.

Protein carbonylation is an irreversible and non-enzymatic post-translational modi�cation induced by
excess ROS, which can cause a change of protein structure, make it lose its original biological function
(Weng et al. 2017). The PCO level is widely used as a marker of oxidative damage in proteins (England et
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al. 2006; Liu et al. 2018). No signi�cant change in PCO content on 1st day for lower concentrations (1.25
and 2.5 mg kg−1) of PHE compared to the control (Fig. 3B). However, a signi�cant increase in PCO
content in E. fetida was found in 5 and 10 mg kg−1 treatment groups on days 3, 5, 7, and 14 compared to
the control (Fig. 3B). These �ndings show that environmental contaminants, including PHE, can cause
oxidative damage to the protein in E. fetida.

Coelomocyte DNA damage in E. fetida exposed to phenanthrene

DNA damage is one of the most harmful toxic effects of exogenous toxicants. One target of reactive
oxygen species is DNA, which is more vulnerable to oxidative stress in organisms (Turillazzi et al. 2017;
Song et al. 2019). 8-hyoxy-2-deoxyguanosine (8-OHdG) is the product of the 8th carbon atom of guanine
base in DNA molecules frequently attacked by ROS (e.g., hydroxyl radicals and singlet oxygen) (Agnihotri
and Mishra 2009; Xu et al. 2021). Accordingly, the 8-OHdG level is regarded as a promising indicator to
evaluate the degree of oxidative stress and DNA damage of endogenous and exogenous factors to
earthworms (Zhang et al. 2020; Zhu et al. 2020). In this study, the level of DNA oxidative damage was
determined by measuring the content of 8-OHdG in adult E. fetida. The results showed that the 8-OHdG
level in E. fetida all PHE-treated groups was signi�cantly induced compared to the control (Fig. 3C). This
result demonstrated that PHE could cause DNA oxidative damage to coelomocytes of E. fetida. This
result indicates that PHE exposure can cause oxidative stress in E. fetida, and �nally result in DNA
damage.

The comet assay is a simple and rapid method for detecting the DNA damage and repair at the
individual-cell level (Song et al. 2009; Gajski et al. 2019). In the control group, the nuclear DNA aggregated
into a dense round shape, with little or no DNA migrating to the periphery (Fig. 3F1). The comet head of
coelomocytes appeared �uffy, mushy, and scattered, and longer comet tails were observed when the E.
fetida earthworms were exposed to high-dose PHE (Fig. 3F2 and F3). Several studies have demonstrated
that a good linear relationship between the OTM value and DNA damage (Olive et al. 2012; Song et al.
2019). Thus, the value of OTM can be used to quantitatively evaluate the DNA damage in organisms
after exposure to exogenous contaminants. In this study, the degree of DNA damage of coelomocytes in
E. fetida after PHE exposure at different doses and various time intervals was assessed in natural soil. As
exhibited in Fig. 3D, the OTM value in lower PHE treatments (1.25 and 2.5 mg kg−1) did not differ as
compared to the control group on days 1, 3, and 5. However, the OTM values in high-PHE concentration
treatments (5 and 10 mg kg−1) were signi�cantly higher than the control during the whole exposure period
(Fig. 3D). This indicates signi�cant DNA damage of coelomocytes in earthworms after exposure to PHE,
especially at high dose levels.

The tail DNA% is the percentage of DNA in the comet tail, which is used to quantify the degree of DNA
damage in individual cells (Zhu et al. 2020). As illustrated in Fig. 3F, the results showed that the values of
tail DNA% in coelomocytes had the same variation trends with the OTM values after PHE exposure. All
PHE-treated groups are minimal/low damage to the DNA of coelomocytes during the entire exposure
period, except 10 mg kg−1 treatment for the 14th day, where PHE are middle damage to the coelomocyte
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DNA (Fig. 3F). Hence, PHE exposure can cause DNA damage of coelomocytes in earthworms, especially
at high doses. Results from the comet assay are consistent with the changing trend of 8-OHdG level in
the above research. Meanwhile, the value of OTM and Tail DNA% of coelomocytes exhibited the same
trend as that of the ROS level in adult E. fetida. The overall results indicate that PHE can induce DNA
strand breaks through the formation of ROS and exhibit strong genotoxic potential to the coelomocytes in
E. fetida.

Effect of phenanthrene on avoidance behavior of adult E. fetida

Avoidance tests can offer a rapid and low-mortality method for earthworm risk assessments of
environmental contaminants (Garcia et al. 2008; Tang et al. 2016). The results of the avoidance behavior
of adult E. fetida are exhibited in Fig. 4. No avoidance effects and earthworm escape were observed in the
lowest PHE-treated groups (1.25 mg kg−1) and control groups (Fig. 4). However, the observed avoidance
effects (NR between 20 and 80%) were found in the 2.5 mg kg−1 treatment groups. Earthworms displayed
habitat function loss and avoidance behavior (NR > 80%) in the highest PHE-treated groups (10 mg kg−1)
in higher treatment groups (5 and 10 mg kg−1) of PHE (Fig. 4). This result was accordant with the acute
toxicity test that earthworms prefer to stay on or near the surface of soil substrate (Section 3.1). These
results show that avoidance behavior is an essential endpoint in toxicological assessment and can
provide extrapolations at the ecosystem level, even at low doses (Saggioro et al. 2019; Junior et al. 2020).

Growth inhibition and reproductive toxicity of adult E. fetida after phenanthrene exposure

Earthworm weight dynamics is an extremely sensitive marker of short- and long-term exposure to
chemical toxicants (Sadeghi et al. 2018; Yao et al. 2021). In this study, the weight of adult E. fetida
showed no signi�cant changes between all PHE-treated groups on days 7 and 14 and the control group.
However, exposure to higher PHE concentrations (> 1.25 mg kg−1) signi�cantly reduced the earthworm
weight on days 21 and 28 compared to the control (Fig. 5A and C). Severe cases lead to the earthworm
weight of E. fetida exposed to 10 mg kg−1 at 21 d, and 10 and 1 mg kg−1 at the last exposure (28 d) was
even lower than before the experiment (Fig. 5A and C).

Studies have reported that exposure to toxic chemicals can lead to the growth of earthworms was
inhibited, with reduced weight being a common response to stress (Xiao et al. 2006; Liu et al. 2018; Qiao
et al. 2019). The decreased weight is likely to be associated with the detoxi�cation mechanism of
earthworms involves the removal of external toxicants by energy metabolism (Yao et al. 2021). Moreover,
a reduction in their energy reserves, such as protein, lipid, and glycogen in earthworms caused by toxic
chemicals, might be another reason for this (Ye et al. 2016; Yao et al. 2020). Thus, we can conclude that
PHE exposure disturbs the normal metabolism and physiological function of biomacromolecules in E.
fetida, with detoxi�cation leading to excessive metabolism, resulting in energy substance was excessively
consumed, especially at high concentration levels have potential toxicity to E. fetida.
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Reproductive toxicity can in�uence the population development of any organism, and it is an essential
indicator of ecological risk assessment after long-time exposure to toxicants or stresses (Zheng et al.
2008; Qiao et al. 2021). The effects of PHE on E. fetida reproduction in two soil is exhibited in Fig. 5B and
D. The cocoon production and the number of juvenile of E. fetida signi�cantly reduced with increasing the
PHE concentrations on days 28 and 56 (Fig. 5 Band D). Previous studies found that exposure to
environmental contaminants can damage the reproductive systems of earthworms, leading to abnormal
sperm, loss of fertilization ability, and �nally infertility (Liu et al. 2018; Qiao et al. 2019; Yao et al. 2020; He
et al. 2021b). Consistent with these �ndings, we also believe that PHE can induce reproduction toxicity in
E. fetida, especially in the case of exposure to high-dose treatments.

Histopathological changes in adult E. fetida after exposure to phenanthrene

Histopathology is a popular tool to assess the environmental impact of possible exogenous
contaminants on various living organisms, including earthworms (Li et al. 2020a). The body wall of
earthworms is mainly composed of the epithelium (epidermis), outer circular muscle, and inner
longitudinal muscle layer (Zhang et al. 2015; Sun et al. 2022). In this study, the microstructure of the
epidermis, circular muscle, and longitudinal muscle layer in the control treatment maintained their normal
architecture after 28 days of PHE exposure (Fig. 6A1 and B1). However, in PHE-treated soils, the
histological structure of E. fetida changed in varying degrees. A visible exfoliation of the cuticular layer
was found in 1.25 and 10 mg kg−1 PHE treatment. Also, the circular muscle and longitudinal muscle layer
were signi�cantly damaged upon PHE exposure at day 28 (Fig. 6A2, A3, B2 and B3).

The inner layer of the E. fetida intestine is intestinal epithelial tissue, and the outer layer of the earthworm
intestine is chlorogenic tissue, which separates the intestine from the body wall (Li et al. 2020b). No
obvious damage to the intestinal epithelial and chlorogenic tissues was found in the 1.25 mg kg−1

exposure group compared to the control (Fig. 6A1 and A2). However, the chlorogenic and the intestinal
epithelial tissues of E. fetida were severely damaged in the 10 mg kg−1 PHE-treated group (Fig. 6A3). Also,
PHE exposure caused obvious degradation of intestinal tract, and this was particularly true with high
concentrations (10 mg kg−1) (Fig. A3). Usually, the intestines and epidermis of earthworms are the main
tissues exposed to pollutants in the soil environment through direct contact, digestion, and absorption.
Thus, signi�cant lesions may occur after these tissues are heavily damaged, eventually leading to death
(Li et al. 2020a). Our results suggest that high-dose PHE exposure can injure the intestinal tract and
epidermal tissues of E. fetida.

Figure 6C shows the histopathological observations of the seminal vesicle in E. fetida after 28 days of
exposure. As illustrated in Figure 6C1, the seminal vesicles of E. fetida had a clear outline and complete
structure in the control group. In the 1.25 mg kg−1 PHE-treated group, the seminal vesicles began to
shrink, showing a slight degree of damage to its structure (Figure 6C2). When earthworms were exposed
to 10 mg kg−1 PHE, the seminal vesicles became dissipate and shrink to an indistinguishable level (Figure
6C3). Our results are similar with Sun et al. (2021), who found that pyrene exposure could cause heavy
damage to seminal vesicles of E. fetida. Similar histopathological changes were also found when
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earthworms were exposed to petroleum hydrocarbons (Li et al. 2020b). Liang et al. (2017) reported that
the health of seminal vesicle tissue was related to the reproduction rate of earthworms. It may be the
reason for E. fetida with poor reproductive performance (decreased cocoons and juveniles) after exposure
to PHE.

Integrated assessment of biochemical response in adult E. fetida after exposure to phenanthrene

In order to compare the toxicity of PHE on adult E. fetida at different doses and exposure times, a
comprehensive biomarker response index (IBRv2) was employed (Sanchez et al. 2013). This method has
the advantage of visualization and can clarify the relationship between various biological indicators after
exposure to pollutants and distinguish the pollution degree of multiple biomarkers in earthworms (Li et al.
2020a; Zhang et al. 2021). IBRv2 is the sum of the standardized values of all indicators, with higher
values represent greater toxicity. The greater standardized value means the greater impact of PHE on
earthworms (Normalized value greater than 0 indicates activated, less than 0 indicates suppressed)
(Sanchez et al. 2013; Zhu et al. 2020).

The standardized values of all biochemical response biomarkers in E. fetida earthworms exposed to PHE
at different doses and exposure times are exhibited in Fig. 7. These values can provide a visual
illustration of the toxic effects of PHE on E. fetida earthworms. Compared to other biomarkers, the
change of OTM values was higher in all treatment groups, except in the groups treated with 1.25 mg kg−1

PHE at 1 and 5 d (Fig. 7), thus indicating that DNA in E. fetida would be the most negatively affected in
the presence of PHE. Also, the activities of the detoxi�cation enzymes (GST and CarE) were in a
repressive state for the majority of the time, especially a longer exposure (7 and 14 d), indicating GST and
CarE are involved in detoxi�cation and metabolism processes of PHE. Additionally, SOD, MDA, TAC, and
8OHdG were also susceptible to damage in earthworms. Hence, these biomarkers can be used as
indicators to re�ect the toxic effects of toxic substances including PHE.

In general, the values of IBRv2 are proportional to the comprehensive toxicity of exogenous contaminants
to earthworms (Zhu et al. 2020). The changes in the sum of IBRv2 index value in all PHE-treated groups
at different exposure times are shown in Fig. 7. As depicted in Fig. 7, PHE at higher concentration (5 and
10 mg kg−1) exhibited a greater impact on all biomarkers than that in lower treatment groups (1.25 and
2.5 mg kg−1) at different exposure times (1, 3, 5, 7, and 14 d). Also, long-term exposures (7 and 14 d)
exhibited a larger impact on multiple biomarkers in E. fetida compared to short-term exposure (1 and 3 d),
showing a clear time- and dose-effect after exposure to PHE. These results indicated that PHE exposure
cause more serious negative effects on E. fetida, especially in the high-dose and long-term exposure
groups. A more important �nding was that the comprehensive toxicity of PHE to E. fetida earthworms
showed a tendency to decrease after 14 d of exposure. The result suggested that the in�uence of PHE on
E. fetida gradually reduced with increasing exposure time. It may be likely due to earthworms adapting to
the soil ontaminated with this pollutant. Further research is needed to clarify the soil parameters and
types that in�uence the toxicity of PHE to earthworms.
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Conclusions
The results of this study emphasize the comprehensive effects of natural soil matrix on the toxicological
response of Eisenia fetida to phenanthrene. Our results veri�ed that PHE had severe acute toxicity to
adult E. fetida in natural soil. PHE exposure resulted in the loss of habitat function in 5 and 10 mg kg−1

PHE-treated groups. Abnormal mitochondria induced by PHE resulted in excessive ROS production and
the elevated ROS levels increased oxidative damage to biomacromolecules (lipid peroxidation, protein
carbonylation, and DNA damage) in E. fetida. To scavenge excess ROS and free radicals, the
antioxidases and small-molecule antioxidants (SOD, CAT, POD, GST, CarE, and TAC) in earthworms were
all involved in oxidative stress response. Besides, PHE exposure can seriously damage the tissues of
adult E. fetida, including the intestine, body wall, and seminal vesicle. These toxic effects led to growth
inhibition and decreased cocoons and juveniles produced by E. fetida. Furthermore, the integrated toxicity
effects of PHE on the multiple biomarkers of E. fetida at different doses and exposure times were
evaluated by using the IBR index, and the results showed that PHE was more toxic to E. fetida
earthworms in the high-dose and long-term exposure conditions. The Olive tail moment of E. fetida
coelomocytes DNA can be applied as a sensitive parameter for assessing oxidative stress induced by
PHE. In summary, PHE-induced ROS production and excessive ROS leads to detrimental oxidative stress
occur, breaking the antioxidant defense system in earthworms and triggering oxidative damage, and
causing behavior changes and normal histopathological structure was damaged, which ultimately
resulting in growth inhibition, genotoxicity, and reproductive toxicity.
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Figures

Figure 1

Effects of phenanthrene on the ROS levels in Eisenia fetida on days 1, 3, 5, 7, and 14. Different letters
indicate signi�cant differences at P < 0.05 level among treatment groups.
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Figure 2

Effects of phenanthrene on the activity changes of antioxidant response and detoxi�cation enzymes (A:
SOD; B: CAT; C: POD; D: GST; E: CarE; F:TAC) in Eisenia fetida exposed for 1, 3, 5, 7, and 14 days. Different
letters indicate signi�cant differences at P < 0.05 level among groups.
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Figure 3

Effects of phenanthrene on the oxidative damage degree (A: MDA; B: PCO; C: 8-OHdG; D: OTM; E:
TailDNA%) in Eisenia fetida exposed for 1, 3, 5, 7, and 14 days. Representative pictures of DNA damage
(F1: Control; F2: 2.5 mg kg-1; F3: 10 mg kg-1) of coelomocytes in E. fetida after 14 d exposure of
phenanthrene. Different letters indicate signi�cant differences (P < 0.05) among groups.
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Figure 4

Avoidance behavior of Eisenia fetida in the natural soil contaminated with phenanthrene for 48 h.
Different letters indicate signi�cant differences (P < 0.05) among treatment groups.
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Figure 5

Weight changes (A and C), cocoon production and the number of juveniles (B and D) of Eisenia fetida
upon exposure to phenanthrene. Different letters indicate signi�cant differences (P < 0.05) among
treatments.
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Figure 6

Histopathological changes of the intestinal tract (A), body wall (B), and seminal vesicles (C) of Eisenia
fetida at 28 d after phenanthrene exposure. (E, CM, and LM represent the cuticular layer, circular muscle
layer, and muscular layer, respectively; Ep and Ch denote the epithelial tissue and chloragogenous tissue
of the Eisenia fetida intestine, respectively; SV denotes a seminal vesicle).
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Figure 7

Standardized values of all indicators and integrated biological response version 2 (IBRv2) values of
Eisenia fetida after phenanthrene exposure on days 1, 3, 5, 7, and 14.
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