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Abstract: Antibiotic contamination has become a global environmental issue of widespread con-
cern, among which oxytetracycline contamination is very severe. In this study, earthworm (Eisenia
fetida) was exposed to oxytetracycline to study its impact on the soil environment. The total protein
(TP), catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), malondialdehyde (MDA),
glutathione S-transferase (GST), and glutathione peroxidase (GPX) oxidative stress indicators in earth-
worms were measured, and the integrated biomarker response (IBR) approach was used to evaluate
the toxic effect of oxytetracycline on earthworms. A Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS) and a path analysis model were used to explore the physiological and
metabolic processes of earthworms after stress occurs. The results showed that SOD, GPX, and GST
play important roles in resisting oxytetracycline stress. In addition, stress injury showed a good
dose–effect relationship, and long-term stress from pollutants resulted in the most serious damage to
the head tissue of earthworms. These results provide a theoretical basis for understanding the toxic
effect of oxytetracycline on soil animals, monitoring the pollution status of oxytetracycline in soil,
and conducting ecological security risk assessment.

Keywords: antibiotic; Eisenia fetida; biomarkers; oxidative stress; integrated biomarker response

1. Introduction

Antibiotics are either produced by bacteria, fungi, other microorganisms, and higher
animals, or they occur as synthetic chemicals that can interfere with the development and
functioning of some living cells [1]. The annual use of antibiotics in China is approximately
16.2 thousand tons, which is more than the sum of the respective numbers of the United
States, the United Kingdom, Canada, Denmark, and other countries [2]. About 50% of
surface water in the United States has antibiotics at ppb concentration levels [3,4]. Antibiotic
concentrations ranging from 30.0 to 70.0 ng/L were detected in the Elbe River and its
tributaries in Germany [5]; the concentration of antibiotics in the inlet and outlet water of
the sewage treatment plant was as high as 7000.0 ng/L [6]. A large amount of antibiotics
enters the agricultural soil ecosystem through field irrigation, surface runoff, or through
sources such as sludge farming and returning animal manure to the field [7]. In soils with
higher levels of organic fertilizer application, a greater accumulation of antibiotics was
found [8,9]. In the soil of the Huanghuaihai Plain in China, 20 antibiotics with a total
concentration level of 1.62–575.0 ng/g were discovered [10]; the content of tetracyclines
detected in the soil of the vegetable base in the Pearl River Delta of China reached up to
242.6 µg/g [11].

Residual oxytetracycline in soil can migrate and accumulate within plants, thereby
affecting plant quality and yield [12]. It can also affect the normal physiological activities
of soil animals [13]. At an oxytetracycline concentration of 500 mg/L, it can induce DNA
damage in earthworm coelom cells [14]. Oxytetracycline can also reduce the heart rate of
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zebrafish embryos and have adverse effects [15], such as inhibiting the growth of Euplotes
vannus [16]. When the concentration of oxytetracycline is higher than 9.21 mg/L, it has
a significant inhibitory effect on the growth of alfalfa [17]; 5 mg/kg of oxytetracycline
significantly inhibited the growth of vegetables such as cucumber, lettuce, and tomato,
reducing their quality [18]. It even significantly inhibits the SOD activity of Chinese
cabbage and lettuce [19]. In humans, the ingestion of excessive amounts of animal-derived
food with residual oxytetracycline can cause toxic reactions, damage to the stomach and
liver, enamel dysplasia, microbiome disorders, allergic reactions, superinfections, and
teratogenesis [20]. This compound may thus inflict extensive damage on soil ecosystems
and human health [21]. So far, few studies have examined its impact on soil ecosystems;
however, assessing the toxic effects of oxytetracycline on soil biota is crucial in order to
identify its ecological risks to the soil ecosystem.

Earthworms are considered “soil ecosystem engineers”. They are at the bottom of the
food chain and are easily exposed to various pollutants in the soil; thus, they are model
organisms for environmental health research and are widely used to assess the health of
agroecosystems [22,23]. However, there are numerous indicators involved in the oxidative
stress effect in earthworms, which have strong complexity, and individual analysis cannot
effectively evaluate the toxic effects of pollutants on organisms [24,25]. It is urgent to find
suitable analytical methods for scientifically characterizing the toxic effects of pollutants.

The toxic effects of environmental pollutants can be evaluated according to biomarkers
that are indicators of the sensitivity of organisms to pollutants [26]. However, sensitivity
to pollutants differs between biomarkers and may change over time; thus, analyzing the
response of a single biomarker to pollutant exposure may not reliably reflect overall toxicity
to the organism. The comprehensive integrated biomarker response (IBR) can quantify the
combined biological effects of different biological indicators, and it has been widely used
in the comprehensive study of the determination of pollutant toxicity [27,28]. The IBR can
intuitively reflect differences in pollutant toxicity, quantify the impact of antioxidant effects,
and further accurately and effectively predict differences in toxicity [29]. In the current
study experiment, oxytetracycline hydrochloride was used as the exogenous additive,
and Eisenia fetida was used as the test organism to simulate the impact of contaminated
soil on the antioxidant system of earthworms in the actual environment. Firstly, based
on the comprehensive biomarker response index method (including total protein (TP),
catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), malondialdehyde (MDA),
glutathione S transferase (GST), and glutathione peroxidase (GPX)), we evaluated the toxic
effects of earthworms under oxytetracycline stress. Secondly, with the help of mathematical
modeling ideas, the Technique for Order Preference by Similarity to an Ideal Solution
(TOPSIS) model was combined with the path analysis model to explore the physiological
metabolic processes of earthworms after stress occurs. This study provides a scientific basis
and experimental basis for ecological risk assessment of polluted soil.

2. Materials and Methods
2.1. Experimental Materials

Oxytetracycline hydrochloride with 89.62% purity was purchased from LGC Labor
Co., Ltd. (Augsburg, Germany), and artificial soil was prepared according to OECD
standards [30]. Artificial soil was prepared using peat (bought at local gardening store,
Harbin, China, dried and sieved in a 2 mm mesh), kaolin (Ai2O3·2SiO2·2H2O, analytically
pure, Tianjin Kemio Chemical Reagent Co., Ltd., Tianjin, China), and quartz sand (mainly
composed of SiO2, general mineral reagents) mixed at a ratio of 1:2:7. The deionized water
was used to adjust soil moisture to 40% of the maximum water holding capacity, and soil
pH was adjusted to pH 6.0–6.5 by CaCO3. After stirring evenly, it was used for experiment.

Earthworms (Eisenia fetida) were collected from the national-level ecological farm (Binxian
Heyu Biotechnology Co., Ltd., Harbin, China) [31]. Healthy adult worms aged 60–65 days,
with an obvious reproductive clitellum and with approximately 300–500 mg body mass, were
selected for exposure tests. Before the experiments, the selected earthworms were washed
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using clean water, dried with filter paper, placed on wet filter paper, and then transferred to a
dark environment for 24 h to allow emptying of the intestinal tract. Before the experiments,
earthworms were allowed to acclimatize in the prepared artificial soil (at 20 ± 2 ◦C) for one
week, after which healthy adult earthworms with clear clitellum and weight of (380 ± 20) mg
were selected and subjected to intestinal cleansing for subsequent experiments.

2.2. Experimental Design

On the basis of preliminary experiments and according to previous results of tetracy-
cline exposure at our laboratory [31], oxytetracycline solution at concentrations of 0, 0.3, 3,
30, 300 and 600 mg/kg was used to conduct oxidative stress experiments.

The stress test was carried out in a 250 mL triangular flask. Different concentrations of
oxytetracycline solutions (18 mL) were prepared and sprayed onto 150 g (dw) artificial soil,
and deionized water was added evenly to ensure the water content was about 40% and a
final dose range of 0.036, 0.36, 3.6, 36, and 72 mg/kg.

After incubation at room temperature for 48 h, the content of oxytetracycline in the
soil of the stress device and in the test earthworms was detected using high-performance
liquid chromatography [32]. The results are summarized in Appendix D. Ten domesticated
earthworms were placed in each stress device and covered with parafilm. The flask was
then placed in a man-made incubator at 20 ± 2 ◦C in the absence of light, with 80%
humidity. Each concentration test was performed using three replicates. Throughout the
entire experiment, the survival rate of earthworms was 100%.

2.3. Sample Collection

Exposure was tested in a short-term experiment (sample of one earthworm per flask
every day for the first ten days) and a long-term experiment (where one earthworm was
sampled from each flask on the 10th, 20th, and 30th day). When sampling, we removed
the sealed parafilm. We tilted the triangular flask 45 degrees to disperse the test soil due
to the slope, exposing the worms cultivated inside. We carefully and randomly removed
one worm using sterilized medical tweezers. Finally, we returned the triangular flask
to its vertical position and sealed it again with parafilm. Each earthworm was washed
with deionized water, dried with filter paper, and placed in a −80 ◦C freezer. Due to the
heterogeneity of the tissue distribution of foreign pollutants in earthworms, the worms
were sectioned for separate examination of head (with banding) and tail (without banding)
tissue, with banding used as the boundary. Head and tail tissue of each earthworm were,
respectively, placed in a glass homogenizer, and phosphate-buffered saline (pH 7.3) was
added at nine times the weight of the earthworm (accurate to 0.0001 g), followed by
grinding. The homogenization solution was placed in a centrifuge tube after complete
grinding and was centrifuged at 4 ◦C and 3500 rpm for 30 min. The supernatant was then
stored at −20 ◦C before use (storage time not exceeding 20 days).

2.4. Determination of Enzyme Content and Activity

The frozen supernatant was used to determine total protein (TP) content [33], activities
of superoxide dismutase (SOD) [34], peroxidase (POD) [35], catalase (CAT) [36], glutathione
peroxidase (GPX) [37], and glutathione-S-transferase (GST) [38], as well as the content of
glutathione (GSH) [39] and malondialdehyde (MDA) [40]. The respective test kits were
purchased from the Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China).

2.5. Biomarker Response Index (BRI)

The BRI [41] was calculated as follows: the alteration level (AL) of the biomarker response
was calculated by allocating (1) four points for slight changes (AL < 20%), three points for
moderate changes (20% ≤ AL < 50%), two points for major changes (50% ≤ AL < 100%), and
one point for severe changes (AL ≥ 100%). The following equation was applied:

AL = |BRt − BRc|/BRc
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where BRt and BRc are the biomarker responses of the test group and the control group,
respectively (i.e., the average value of replicates).

At the same time, according to the importance of biomarkers, a corresponding weight
(W) was assigned. According to previous studies [41,42], CAT, SOD, POD, and GPX were
1.0, harmful metabolites produced by MDA due to stress at 1.2, and GST at 1.5. The BRI
was calculated according to the following equation:

BRI = ∑(Sn × Wn)/∑ Wn

where Sn is the score of the biomarker, and Wn is its weight.
Sn and Wn correspond to the score and weight of corresponding biomarker

n, respectively.
In addition, the stress level of earthworms can be deduced, with a BRI of 3.01–4.00

indicating slight stress, 2.76–3.00 indicating moderate stress, 2.51–2.75 indicating high
stress, and 1.00–2.50 indicating severe stress.

2.6. Integrated Biomarker Response (IBR) Index

The comprehensive IBR [43] was calculated as follows:

(1) Homogenization:
Yi = (Xi − m)/δ

Yi: The data after homogenization processing;
Xi: The average value of the biomarker determination results of each treatment group;
m: The total average value of biomarkers in all treatment groups;
δ: The total standard deviation of biomarkers in all treatment groups.

δ =

√√√√ 1
N

N

∑
i=1

(Xi − m)2

, N = 6

(2) Assignment: if the biomarkers of the treatment group are activated and compared
with the control group, then Zi = Yi; otherwise, Zi = −Yi.

The formula for calculating the score S of this biomarker in each treatment group was

S = Zi + |Ymin|

|Ymin|: All processing groups are normalized to the absolute value of the minimum
value.

(3) IBR star chart

A hexagonal star chart was produced, and the score S of six biomarkers in each
treatment group was expressed as the length of the radiation line in the star chart. The area
enclosed inside the six radiation lines was the IBR value; the area of the triangle enclosed
by the adjacent two radiation lines was Ai. Then,

IBR =
6

∑
i=1

Ai

Ai =
Si
2

sin α(Si cos α + Si+1 sin α)

α = arctan(
Si+1 sin β

Si − Si+1 cos β
)

α: the angle between the triangles formed by two adjacent radiation lines;
β: the angle between adjacent radiation lines.
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2.7. Data Analyses

Each experiment was repeated three times, and the results were expressed as the mean
± standard deviation (Appendix A). Using SPSS 13.0 software (IBM, Armonk, NY, USA),
we performed statistical analysis. We performed normal distribution and homogeneity of
variance tests on oxidative stress data of the head and tail tissues of earthworms under
different stress durations to determine the applicability of analysis of variance. Among
them, in the normal distribution test, it was assumed that the research subjects with a certain
sample size n (3 < n < 50) always conform to the normal distribution. When the Shapiro–
Wilk value is close to 1, and the p-value is significantly greater than 0.05, it is impossible
to reject its hypothesis, and therefore the result conforms to a normal distribution. In the
homogeneity of variance test, it is assumed that the variances of each group are equal
and meet the homogeneity of variances. When the p-value of the Levene value (mean)
is greater than 0.05, the null hypothesis cannot be rejected; that is, the data conform to
homogeneity of variance. We applied univariate analyses of variance to determine the
effects of stress time and concentration on enzyme activity. We used post hoc comparison
(Bonferroni method) to conduct significance tests on the mean differences between the
treatment groups. Origin 2018 software (OriginLab, Northampton, MA, USA) was used for
statistic tests and chart processing.

2.7.1. TOPSIS Model Construction

The TOPSIS model, as a commonly used analytical model in multi-objective decision
analysis, is a distance-comprehensive evaluation method. This model defines a measure in
the target space to measure the degree to which the target is close to a positive ideal solution
and away from a negative ideal solution, thereby evaluating the degree of physiological
and metabolic changes in earthworms [44,45]. The specific steps are as follows:

Construct the feature matrix using the oxidative stress effect indices of the head and
tail of earthworms as raw data. Among them, i represents the number of indices; j is the
stress treatment group.

A =


x11 x12 · · · x1j
x21 x22 · · · x2j
· · · · · · · · · · · ·
xi1 xi2 · · · xij

, i = 12; j = 13.

Construct the optimal solution vector and the worst solution vector separately:

X+ = max
(
x1j, x2j, x3j, · · · , xij

)
X− = min

(
x1j, x2j, x3j, · · · , xij

)
Using the Euclidean Distance formula, calculate the distances from the standardized

vectors of each indicator to the optimal and worst solutions, respectively:

D+ =

√√√√ 13

∑
j=1

(
xij − X+

)2 D− =

√
13
∑

j=1

(
xij − X−)2

Calculate the distance between the indicator and the optimal solution, i.e., the relative
closeness:

CI =
D−

D+ + D−
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Calculate the weight values of the indices to obtain the physiological metabolic level
value of earthworms: S. Meanwhile, based on the Q values under different stress times,
calculate EC 50. This is summarized in Appendix E.

S =
qij

13
∑

j=1
Qj

And, w = CIi
12
∑

i=1
CIi

, q = wi · Aij, Q =
12
∑

i=1
qij.

2.7.2. Path Analysis Model Construction

Path analysis, as a multivariate statistical technique, studies the relative importance
of variables by decomposing the correlation between the independent and dependent
variables, dividing them into direct effect, indirect effect, and total effect [46]. In this study
on the physiological metabolism process of earthworms, the overall oxidative stress effect
index of earthworms was set as the independent variable: Z. The physiological metabolism
level of earthworms obtained through the TOPSIS model is the dependent variable: S.
Build a path analysis model as follows:

r11P1S + r12P2S + r13P3S + · · ·+ r16P6S = R1S
r21P1S + r22P2S + r23P3S + · · ·+ r26P6S = R2S

· · ·
re1P1S + re2P2S + re3P3S + · · ·+ re6P6S = ReS

Among them, rmn represents the simple correlation coefficient between zm and zn;
RmS represents the correlation coefficient between zm and S; PmS represents the direct path
effect coefficient, which represents the magnitude of the direct effect of zm on S when other
variables are fixed; and rmnPmS represents the indirect path effect coefficient of zm on the
dependent variable S through other variables, such as zn.

In the path analysis model, the coefficient of determination of the independent variable
to the dependent variable is

K2
m = P2

mS + 2∑ PmSrmnPnS = 2rmSPmS − P2
mS

The residual effect coefficient of the path in this model is used to determine the
applicability of the path analysis model and the availability of the results. When g < 0.20, it
is considered that the path analysis model has already included all the information of the
indicators. Otherwise, variables need to be added to improve the model until its residual
effect coefficient meets the requirements.

g =
√

1 − (P1Sr1S + P2Sr2S + P3Sr3S + · · ·+ PeSreS)

The variables affected by certain variables in the model are called endogenous vari-
ables, and arrows point to them in the path diagram (indirect path effect). Variables that
are only affected by factors outside the model are called exogenous variables, and there
are no arrows pointing to them in the path diagram. This study only analyzes endogenous
variables. Meanwhile, in the path diagram, the arrow of the direct path effect points from
the independent variable to the dependent variable.

3. Results
3.1. Results of Simple Statistical Analysis

According to Appendix B, after the occurrence of oxytetracycline stress, the minimum
value of Shapiro–Wilk in the head tissue of earthworms appeared at the POD after 7 days of
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stress, which was 0.818; its p-value was 0.112, which was greater than 0.05. However, in the
tail tissue of worms, the minimum Shapiro–Wilk value appeared in the CAT after 20 days of
long-term oxytetracycline stress, which was 0.881; its p-value was 0.315, which was greater
than 0.05. These results indicated that after stress occurs, the oxidative stress enzyme
data in the worm, including the head and tail tissues, followed a normal distribution.
Meanwhile, as shown in Appendix B, the p-value of Levene statistics was the smallest in the
MDA after long-term stress (head tissue: −0.741; tail tissue: 0.651, with both greater than
0.05). This illustrated that all samples passed the homogeneity of variance test. Therefore,
variance analysis could be conducted.

According to the results of the analysis of variance (Appendix C), the test statistic of the
oxytetracycline concentration in all treatment groups was p < 0.001, indicating a significant
difference in the effect of the stress concentration on enzyme activity in earthworms.
Meanwhile, in the short-term stress group, the test statistics for CAT, SOD, GST, and GPX
for exposure time were all less than 0.001, indicating significant differences in the impact of
exposure time on the activity of these four enzymes under short-term oxytetracycline stress.
Further, as shown in Appendix C, the effect of the stress duration on POD enzyme activity
was only significant in the tail tissue of the worm (p < 0.001). In the long-term stress group,
the effect of the exposure time on GST and GPX showed significant differences (p < 0.001),
including in the head and tail tissues of earthworms.

3.2. BRI of Various Oxidative Stress Indicators

With the increase in the oxytetracycline concentration, the change in CAT activity first
increased and then decreased (Figure 1), and at the same exposure time, AL reached the
maximum (0.33–0.55) when the concentration of oxytetracycline was 36 mg/kg. The change
in CAT in earthworms decreased after a longer exposure duration, and AL reached the
minimum value (0.33) on exposure day 30. The change in SOD activity showed a trend of
first increasing and then decreasing with the increase in the oxytetracycline concentration
(Figure 1), and AL was the highest (0.58–0.77) at 36 mg/kg; only minor changes were
observed after short-term exposure, whereas a moderate upward trend occurred after
long-term exposure, with the maximum value (0.77) on day 30. POD activity was lowest at
0.36 mg/kg of oxytetracycline (Figure 1) and reached the maximum at 72 mg/kg. Short-
term exposure did not elicit pronounced POD activity changes, and long-term exposure
resulted in a moderate increase, reaching the maximum value (0.51) on day 30. With in-
creasing oxytetracycline concentrations, the change in the MDA content first decreased and
then increased; it was lowest at 3.6 mg/kg of oxytetracycline (0.06–0.18), and at 72 mg/kg
of oxytetracycline, it reached the maximum (0.34–0.47). A minor effect of the exposure
time was observed. The change in GST activity showed a relatively strong dose–effect
relationship (Figure 1). With the extension of the stress duration, its fluctuation decreased,
and the change was the greatest (0.53) on day 30. The change in GPX activity showed
a trend of first decreasing and then increasing with the increase in the oxytetracycline
concentration (Figure 1). After the same stress duration, peak values appeared, respectively,
at 3.6 mg/kg (AL was the smallest, 0.10–0.23) and 72 mg/kg (AL was the largest, 0.40–0.57).

With increase in oxytetracycline concentrations, the BRI decreased significantly, show-
ing a strong dose–effect relationship (Figure 2). At 36 and 72 mg/kg of oxytetracycline,
the BRI value was the lowest in the range of 2.58–3.0, indicating moderate (2.76–3.00) and
pronounced (2.51–2.75) stress, respectively. The higher the concentration of oxytetracycline,
the higher the stress level in earthworms and the lower the health status. Regarding the
exposure time, the BRI decreased more under long-term exposure to oxytetracycline. In
addition, earthworm head tissue was more sensitive to oxytetracycline exposure; that is, the
index of head tissue was slightly smaller than that of tail tissue. Taken together, long-term
exposure to oxytetracycline exerts pronounced adverse effects on earthworm health.
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3.3. Comprehensive Evaluation of the IBR

The high-concentration treatments (36 and 72 mg/kg) produced a large coverage area
in the IBR star chart (Figure 3) and showed a robust dose–effect relationship, compared
with the low-concentration (0.036 and 0.36 mg/kg) and medium-concentration groups
(3.6 mg/kg). With regard to the exposure time, the coverage area in the star chart of
earthworms under long-term exposure to oxytetracycline was larger than that after short-
term exposure, showing a stable time–effect relationship (Figure 4). According to the tissue
analysis of different parts of earthworms, the IBR value of the head tissue of earthworms
was higher than that of the tail tissue.
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The importance of oxidative stress indicators among comprehensive biomarkers can
be inferred according to the position of each oxidative stress indicator in the star chart, and
important oxidative stress indicators can be screened (Table 1). In the low-concentration
group (0.036 and 0.36 mg/kg), the main oxidative stress indexes of earthworm tissues were
SOD, CAT, and POD; in the medium-concentration group (3.6 mg/kg), they were SOD,
POD, GPX, and GST; and in the high-concentration groups (36 and 72 mg/kg), MDA, GPX,
and GST were the most important.

Table 1. Summary table of the main oxidative stress indicators screened under different stress times
and concentrations.

Concentration Group
(mg/kg)

Short-Term Long-Term

Head Tail Head Tail

0.036 CAT **, SOD ** CAT **, SOD ** POD **, SOD ** CAT **, SOD **
0.36 SOD **, CAT ** SOD **, POD ** CAT **, SOD ** POD **, SOD **
3.6 SOD **, GPX ** POD **, GST ** SOD **, GPX ** POD **, GST **
36 MDA **, GPX ** MDA *, GST ** MDA *, GPX ** GST **, MDA *
72 GPX **, MDA * GST **, MDA * GPX **, MDA * GST **, MDA **

Abbreviations: CAT, catalase activity; SOD, superoxide dismutase activity; POD, peroxidase activity; MDA,
malondialdehyde content; GST, glutathione S-transferase activity; GPX, glutathione peroxidase activity.
** indicates extremely significant at the 0.01 level; * indicates significant at the 0.05 level.

3.4. Path Analysis of Physiological Metabolism of Earthworms

According to Table 2, the minimum residual path coefficient of the 36 mg/kg oxytetra-
cycline stress group was 0.010, indicating that the path analysis model can explain 99.0% of
the original indice's information. Although the residual path coefficient of the 0.36 mg/kg
stress group was relatively large, at 0.117, it still meets the requirement of a residual path
coefficient of 0.20 required by the path analysis model. This indicates that the results of the
path analysis model are reliable.

Table 2. Path analysis model results.

Concentration Group
(mg/kg) p Value Durbin–Watson Determination

Coefficient
Residual Path

Coefficient

0.036 0.0001 1.286 0.999 0.036
0.36 0.0001 2.866 0.986 0.117
3.6 0.0001 2.925 0.991 0.095
36 0.0001 2.656 1.000 0.010
72 0.0001 1.303 1.000 0.012

According to the path diagram, under the stress of 0.036 mg/kg of oxytetracycline,
CAT and MDA entered the model with a negative total path effect, while SOD, GST, and
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GPX entered the model with a positive total path effect. Among them, the total effect
coefficient of SOD in earthworms can reach 0.901, which was the maximum value. From
Figure 5A, it can be seen that SOD has the maximum direct path effect with a coefficient
of 0.771, but its total indirect path effect coefficient was only 0.130. This was because the
negative indirect effect of SOD through CAT (−0.225) offset its positive indirect effect
through GPX (0.263). Although its positive indirect effect through GST was significant
(0.190), its indirect path effect through MDA was minimal (−0.098).
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As the stress concentration increased, all oxidative stress indices entered the path
analysis model after 0.36 mg/kg and 3.6 mg/kg of oxytetracycline stress, as shown in
Figure 5B,C. Both CAT and MDA showed a negative overall effect, while other oxidative
stress indicators showed a positive overall effect. Among them, in the 0.36 mg/kg stress
group, the maximum positive direct effect of CAT (3.921) was offset by its negative indirect
effects through GST (−1.800) and GPX (−3.248), resulting in a smaller total effect (−0.271).
GPX occupied the second place, with a direct path effect of 3.254, while its indirect path
effect through CAT was the negative maximum value of this stress group. However, this
negative indirect effect was offset by the positive indirect effect of GPX through GST,
ultimately resulting in the total effect of GPX remaining positive, with a coefficient of 0.309.
In the 3.6 mg/kg stress group, GPX ranked first, with a direct pathway effect of 1.432.
Although the negative indirect effects of CAT and MDA partially offset GPX, GPX still
maintains its maximum total effect, with a coefficient value of 0.860.

When the stress concentration of oxytetracycline increased to 36 mg/kg, only CAT
entered the model with a negative total path effect, while POD, MDA, GST, and GPX entered
the model with a positive total path effect. Further, GPX still had the largest positive direct
effect (0.320) and total effect (0.989), playing an important role in maintaining the basic
physiological metabolism of earthworms. Meanwhile, GST followed closely behind, with
direct effect coefficients and total effect coefficients of 0.302 and 0.962, respectively.

As the stress concentration of oxytetracycline reached 72 mg/kg, all oxidative stress
indices entered the model with a positive total effect. At this point, CAT had the largest
positive direct effect (0.304), but due to its small total indirect path effect (0.310), its total
effect was relatively small (0.614). SOD, with a direct path effect of 0.211 and a total indirect
effect of 0.773, became the index with the highest total effect, with a total effect coefficient of
0.983. GPX and GST followed closely, with total effect values of 0.931 and 0.962, respectively.
Under this stress condition, SOD, GST, and GPX played important roles in maintaining the
physiological metabolism of earthworms.

4. Discussion

Exogenous pollutants such as antibiotics can induce oxidative stress in organisms,
which plays a crucial role in the study of antibiotic toxicity [47]. In earthworms exposed to
oxytetracycline in the present study, tissue biomarkers were significantly affected. However,
under different stress concentrations and exposure times, complex and irregular changes
may occur. Therefore, basic analysis of principal data is insufficient to evaluate such toxic
effects on an organismic level [48]. In the present study, the comprehensive BRI method was
used to evaluate the toxicity of oxytetracycline to earthworms, which can integrate complex
biomarkers into a single value, minimize the risk of error, and obtain accurate toxicity
and valuable risk assessment. The biomarkers refer to cellular, biochemical, physiological,
behavioral, or energy changes. This can be characterized by measuring body fluids, tissues,
or whole organisms, exposure to one or more pollutants, and their effects [49].

Due to the short detection cycles, high efficiency, and practicality of biomarkers, they
are commonly used for monitoring and early warning of pollutants [50]. Meanwhile, the
combined use of multiple biomarkers can reflect the degree of environmental pollution in a
wider range [51]. Our study showed that, compared with short-term exposure, earthworms
suffered more severe oxidative damage after long-term exposure, and the biomarkers
showed the most pronounced changes on day 30. This is consistent with the results of
previous studies [52,53].

With increasing exposure time, pollutants accumulate in earthworms; this may exceed
the ability to detoxify and may cause oxidative stress damage at different levels [54]. Our
dose–effect analysis showed pronounced changes in all biomarkers at 36 and
72 mg/kg. This may be because the change in antioxidant enzyme activity is related
to the concentration of pollutants [55,56], and within its tolerance range, antioxidant en-
zyme activity increases with the increase in the pollutant concentration; however, once
the tolerance threshold is exceeded, cells are severely damaged, leading to a decline in
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their stress capacity and antioxidant enzyme activity [57,58]. With respect to tissue-specific
differences, the change level of biomarkers in the head was larger than that in the tail
tissue. Meanwhile, as shown in Appendix E, the EC50 values in the head tissue were lower
than those in the tail tissue. This may be because the earthworm head is more sensitive to
oxytetracycline, and a previous study showed that sludge fed by earthworms increases the
number, diversity, and uniformity of living microorganisms in its stomach while showing
the opposite result for the posterior intestine [59]. According to Figure 1, there was a differ-
ence in the activity of oxidative stress enzymes between long-term stress for 10 days and
short-term stress for 10 days. This may be due to relatively larger interference in short-term
experiments [24]. On the other hand, this may be due to the influence of earthworm mucus.
Research has confirmed that earthworm mucus can affect the material-cycling process in
soil [60], thereby affecting the form of pollution [61] and causing differences in oxidative
stress effects within the earthworm body.

According to the star chart (Figure 3), the toxicity of oxytetracycline to earthworms
varied under different stress conditions, including at different stress times and concentra-
tions. The coverage area of the treatment group with medium and high concentrations was
relatively large, indicating that there were differences in toxicity at different concentrations
of oxytetracycline, which also reflected the sensitivity of earthworms to stress caused by
oxytetracycline in a certain concentration range. Eisenia fetida is known to be sensitive to
tetracycline antibiotics [31]. In international detection standards, Eisenia fetida is considered
a model organism for the detection of pollutants due to its high sensitivity [30,62]. In
the current study, the IBR values after long-term exposure were higher than those after
short-term exposure, which may be due to the accumulation of pollutants in the earthworm
body increasing with the prolongation of stress time, strengthening its toxic effect and
intensifying the reaction of enzyme activity to oxytetracycline stress [63].

The toxic effects of oxytetracycline may differ between tissues [27,64]. It can be seen
in Figures 3 and 4 that oxytetracycline had a stronger effect on the biomarkers in head tis-
sue, and the IBR value of the head in the high-concentration treatments was significantly
higher than that in the tail. This may be because the organs of earthworms are mainly
distributed in the head tissue, and this part is where pollutants first reach. After stress
occurs, neural signal transduction is blocked, causing the accumulation of a large amount
of reactive oxygen species in the body, disrupting normal physiological and biochemical
processes. This is similar to the findings of the author’s early research on heavy metal
stress [65]. At the same time, in the process of pesticide research and development, this
principle is often used to block nerve conduction, causing the biological and biochemical
processes of organisms to be disrupted or disrupted, leading to their death [66,67]. On the
other hand, it may be related to the microbes in the intestinal tract of earthworms. Research
has found a significant correlation between the abundance of antibiotic-resistance genes in
the intestine of earthworms and microbes [68,69]. Moreover, the abundant Bacillus and Pseu-
domonas in the intestine have the potential to degrade antibiotics in the environment [70,71].
Banerjee et al.’s study confirmed that under heavy metal stress of 25 mg/L, Bacillus safen-
sis, Bacillus flexus, and Staphylococcus haemolyticus isolated from earthworm intestines can
remove pollutants with a removal rate of 19.1–52.8% [72]. After 32 days of vermicompost-
ing sludge with earthworms, the degradation rate of tetracycline antibiotics increased by
45–64% [73]. Cao et al. placed Eisenia fetida in soil with a concentration of 100 mg/kg of
oxytetracycline for 56 days. The abundance of Flavobacteraceae and Pseudomonas increased in
the soil, promoting the degradation of oxytetracycline and reducing its concentration to 33
mg/kg [74].

It can be seen from the selected main oxidative stress indicators (Table 1) that SOD, CAT,
and POD play a major role in earthworms under the stress of a low concentration (0.036 and
0.36 mg/kg) of oxytetracycline. According to Figure 5A, it can be seen that after the stress of
0.036 mg/kg of oxytetracycline, SOD in earthworms plays a major direct role in maintaining
their physiological metabolism. CAT, on the other hand, mainly exhibits negative indirect
effects. Under stress of 0.36 mg/kg, CAT shifted toward a positive direct effect, while SOD and
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POD were mainly based on the total effect (as shown in Figure 5B). This may be because it is
the first line of defense of the antioxidant system: after the body is subjected to external stress,
SOD first catalyzes the conversion of O2 to H2O2, and then CAT catalyzes the conversion of
H2O2 to H2O and O2 to protect cells from oxidative damage [75]; POD enhances its activity
when SOD is inhibited and promotes the decomposition of H2O2 [76–78].

At 3.6 mg/kg of oxytetracycline, GPX and GST were selected, with the maximum positive
direct effect under this stress condition (Figure 5C), confirming that they played a major role.
As the second line of defense of the antioxidant system, when oxidative damage in the earth-
worm body increases, “detoxification” is initiated [79,80] to promote the reduction of toxic
peroxides into non-toxic hydroxyl compounds and to promote the decomposition of H2O2 in
the earthworm body [81,82]. Detoxifying enzymes may affect the diversity of microorganisms
in earthworms [47]. When GST increases, the utilization intensity of microorganisms in earth-
worms to polymer carbon sources increases, and the microbial population mostly comprises
microorganisms that use polymer carbon sources. An interaction between the antioxidant
system and microbial community diversity was proposed, and high concentrations of pollu-
tants may affect intestinal microorganisms through oxidative stress, thereby interfering with
the nervous system [83]. MDA is a product of membrane lipid peroxidation [84], and after
treatment with oxytetracycline at high concentrations (36 and 72 mg/kg) in the current study,
oxidative stress was induced to produce abundant reactive oxygen species to cause lipid
peroxidation, and MDA content reached the maximum, indicating that membrane lipid per-
oxidative damage increased and the cell membrane system was severely damaged. Excessive
reactive oxygen species may cause damage to the DNA and other important macromolecules,
such as protein and fat, thus further aggravating the phenomena that may elicit adverse effects,
including altered gene expression, carcinogenesis, and premature aging [85–87]. However, we
only preliminarily explored the impact of oxytetracycline on the soil ecosystem and selected a
single test organism. In the future, a more comprehensive impact on a variety of soil animals
should be considered.

5. Conclusions

Oxytetracycline stress induced oxidative damage in earthworms, and SOD, GPX, and
GST played important roles in maintaining the physiological metabolism of worms.

Compared to medium and low concentrations, high concentrations caused more severe
damage to the earthworm body. The toxic effect on earthworms was more pronounced
under long-term stress. The head tissue of earthworms was more sensitive than the tail
tissue, leading to the most severe damage to the head tissue of earthworms under long-term
oxytetracycline stress.
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Appendix A. Statistical Data (BRt and BRc) of Indicators of Oxidative Stress Effects in Earthworms (Mean ± Standard Deviation)

Groups
Exposure

Concentra-
tion (mg/kg)

Exposure
Time (day)

Head of Earthwom Tail of Earthworm

CAT
(U/mg prot)

SOD
(U/mg prot)

POD
(U/mg prot)

MDA
(nmol/mg

prot)

GST
(U/mg prot)

GPX
(U/mg prot)

CAT
(U/mg prot)

SOD
(U/mg prot)

POD
(U/mg prot)

MDA
(nmol/mg

prot)

GST
(U/mg prot)

GPX
(U/mg prot)

Short
term

0.00

1 69.19 ± 0.068 4.59 ± 0.022 2.71 ± 0.064 0.43 ± 0.002 6.46 ± 0.045 1.86 ± 0.016 55.41 ± 0.019 3.4 ± 0.019 1.82 ± 0.018 0.24 ± 0.014 4.35 ± 0.011 2.99 ± 0.015
2 62.62 ± 0.070 4.98 ± 0.002 2.51 ± 0.001 0.36 ± 0.004 4.76 ± 0.019 1.06 ± 0.020 55.55 ± 0.003 3.34 ± 0.006 1.42 ± 0.009 0.23 ± 0.004 7.52 ± 0.028 3.09 ± 0.023
3 74.23 ± 0.030 3.76 ± 0.023 2.49 ± 0.038 0.35 ± 0.029 8.16 ± 0.057 1.40 ± 0.025 53.14 ± 0.060 3.39 ± 0.034 1.22 ± 0.002 0.22 ± 0.006 6.14 ± 0.039 2.73 ± 0.020
4 72.86 ± 0.028 4.45 ± 0.043 2.46 ± 0.018 0.31 ± 0.005 8.14 ± 0.021 1.45 ± 0.029 58.92 ± 0.036 3.20 ± 0.036 1.18 ± 0.035 0.22 ± 0.028 6.27 ± 0.021 2.6 ± 0.039
5 66.57 ± 0.083 4.38 ± 0.037 2.47 ± 0.024 0.49 ± 0.026 11.38 ± 0.004 1.49 ± 0.006 56.46 ± 0.031 3.34 ± 0.061 1.48 ± 0.015 0.21 ± 0.034 7.63 ± 0.004 2.95 ± 0.014
6 58.68 ± 0.061 3.38 ± 0.025 2.20 ± 0.039 0.37 ± 0.039 6.12 ± 0.072 1.42 ± 0.050 59.63 ± 0.021 2.80 ± 0.036 1.13 ± 0.036 0.18 ± 0.034 7.33 ± 0.003 2.85 ± 0.020
7 62.28 ± 0.052 3.39 ± 0.037 1.81 ± 0.038 0.52 ± 0.010 9.08 ± 0.015 2.39 ± 0.039 60.63 ± 0.038 3.31 ± 0.076 1.17 ± 0.041 0.17 ± 0.008 5.75 ± 0.012 3.15 ± 0.016
8 76.25 ± 0.011 4.28 ± 0.001 1.77 ± 0.007 0.52 ± 0.010 9.36 ± 0.024 3.19 ± 0.026 53.39 ± 0.028 3.23 ± 0.093 1.07 ± 0.061 0.17 ± 0.037 7.90 ± 0.002 3.26 ± 0.055
9 75.56 ± 0.002 4.21 ± 0.064 2.25 ± 0.067 0.31 ± 0.019 9.16 ± 0.002 2.41 ± 0.055 58.18 ± 0.113 3.30 ± 0.016 1.21 ± 0.034 0.15 ± 0.007 6.72 ± 0.024 2.50 ± 0.029

10 64.95 ± 0.030 3.86 ± 0.068 2.10 ± 0.028 0.21 ± 0.016 5.19 ± 0.024 2.48 ± 0.029 59.07 ± 0.008 3.25 ± 0.058 1.35 ± 0.063 0.17 ± 0.019 6.73 ± 0.011 2.94 ± 0.015

0.036

1 82.41 ± 0.567 4.91 ± 0.445 3.27 ± 0.164 0.52 ± 0.285 7.13 ± 0.297 2.31 ± 0.021 63.24 ± 0.214 3.7 ± 0.126 2.1 ± 0.161 0.28 ± 0.254 4.69 ± 0.256 3.62 ± 0.045
2 74.38 ± 0.006 5.31 ± 0.047 3.05 ± 0.172 0.44 ± 0.246 5.27 ± 0.277 1.3 ± 0.016 63.31 ± 0.39 3.63 ± 0.027 1.64 ± 0.252 0.27 ± 0.353 8.08 ± 0.247 3.76 ± 0.015
3 87.91 ± 0.311 4.02 ± 0.012 3.17 ± 0.16 0.42 ± 0.246 9.09 ± 0.268 1.73 ± 0.018 60.3 ± 0.456 3.75 ± 0.5 1.43 ± 0.228 0.25 ± 0.27 6.65 ± 0.3 3.33 ± 0.013
4 85.54 ± 0.015 4.78 ± 0.023 3.03 ± 0.153 0.37 ± 0.249 9.08 ± 0.289 1.8 ± 0.025 66.52 ± 0.351 3.53 ± 0.065 1.38 ± 0.19 0.25 ± 0.333 6.82 ± 0.279 3.17 ± 0.013
5 77.43 ± 0.563 4.75 ± 0.063 3.03 ± 0.161 0.6 ± 0.262 12.73 ± 0.283 1.86 ± 0.032 63.61 ± 0.005 3.59 ± 0.45 1.73 ± 0.228 0.24 ± 0.311 8.36 ± 0.286 3.62 ± 0.058
6 67.82 ± 0.727 3.64 ± 0.14 2.73 ± 0.166 0.45 ± 0.29 6.87 ± 0.249 1.77 ± 0.02 67.08 ± 0.295 3.11 ± 0.128 1.33 ± 0.211 0.21 ± 0.306 8.05 ± 0.166 3.51 ± 0.047
7 71.88 ± 0.578 3.63 ± 0.431 2.26 ± 0.174 0.64 ± 0.279 10.18 ± 0.255 3.02 ± 0.005 67.56 ± 0.015 3.6 ± 0.069 1.38 ± 0.191 0.2 ± 0.304 6.36 ± 0.215 3.89 ± 0.045
8 87.48 ± 0.683 4.62 ± 0.022 2.24 ± 0.126 0.64 ± 0.204 10.54 ± 0.172 4.06 ± 0.034 59.34 ± 0.534 3.53 ± 0.444 1.26 ± 0.201 0.2 ± 0.302 8.76 ± 0.18 4.04 ± 0.037
9 86.1 ± 0.365 4.57 ± 0.025 2.92 ± 0.138 0.38 ± 0.226 10.39 ± 0.287 3.06 ± 0.002 65.01 ± 0.721 3.66 ± 0.047 1.44 ± 0.239 0.17 ± 0.293 7.42 ± 0.244 3.11 ± 0.035
10 72.88 ± 0.516 4.21 ± 0.442 2.68 ± 0.136 0.25 ± 0.253 5.87 ± 0.281 3.17 ± 0.006 63.04 ± 0.566 3.61 ± 0.012 1.27 ± 0.194 0.2 ± 0.303 7.46 ± 0.257 3.67 ± 0.009

0.36

1 86.51 ± 0.379 5.66 ± 0.066 3.17 ± 0.165 0.52 ± 0.293 7.39 ± 0.255 2.17 ± 0.023 67.57 ± 0.645 4.08 ± 0.024 2 ± 0.171 0.28 ± 0.237 4.8 ± 0.292 3.39 ± 0.021
2 78.01 ± 0.238 6.1 ± 0.492 2.95 ± 0.201 0.42 ± 0.281 5.46 ± 0.27 1.23 ± 0.031 67.68 ± 0.618 3.96 ± 0.057 1.57 ± 0.19 0.27 ± 0.225 8.33 ± 0.303 3.52 ± 0.026
3 92.14 ± 0.42 4.67 ± 0.042 2.99 ± 0.183 0.4 ± 0.286 9.41 ± 0.293 1.64 ± 0.017 64.56 ± 0.417 4.05 ± 0.013 1.36 ± 0.166 0.25 ± 0.251 6.82 ± 0.29 3.11 ± 0.024
4 90.1 ± 0.434 5.54 ± 0.012 2.88 ± 0.168 0.37 ± 0.289 9.42 ± 0.246 1.71 ± 0.022 71 ± 0.232 3.87 ± 0.025 1.32 ± 0.161 0.25 ± 0.232 6.98 ± 0.308 2.98 ± 0.018
5 81.65 ± 0.377 5.48 ± 0.024 2.92 ± 0.185 0.58 ± 0.243 13.16 ± 0.224 1.77 ± 0.007 67.59 ± 0.451 4.03 ± 0.068 1.66 ± 0.17 0.24 ± 0.258 8.52 ± 0.302 3.4 ± 0.022
6 71.78 ± 0.005 4.24 ± 0.063 2.64 ± 0.166 0.44 ± 0.317 7.14 ± 0.28 1.68 ± 0.007 71.27 ± 0.445 3.37 ± 0.148 1.27 ± 0.165 0.2 ± 0.257 8.21 ± 0.316 3.29 ± 0.013
7 75.84 ± 0.277 4.27 ± 0.141 2.15 ± 0.149 0.62 ± 0.26 10.61 ± 0.252 2.85 ± 0.068 72.33 ± 0.388 4.03 ± 0.491 1.33 ± 0.176 0.19 ± 0.278 6.46 ± 0.29 3.65 ± 0.045
8 91.9 ± 0.016 5.39 ± 0.491 2.08 ± 0.176 0.61 ± 0.288 10.98 ± 0.274 3.8 ± 0.085 63.53 ± 0.347 3.94 ± 0.952 1.21 ± 0.187 0.19 ± 0.274 8.92 ± 0.285 3.8 ± 0.023
9 90.77 ± 0.542 5.32 ± 0.025 2.61 ± 0.207 0.36 ± 0.294 10.78 ± 0.31 2.87 ± 0.05 68.98 ± 0.52 4.06 ± 0.032 1.38 ± 0.179 0.17 ± 0.258 7.63 ± 0.278 2.92 ± 0.025
10 77.6 ± 0.741 4.9 ± 0.028 2.47 ± 0.194 0.24 ± 0.295 6.12 ± 0.291 2.96 ± 0.031 70.02 ± 0.385 3.99 ± 0.514 1.54 ± 0.169 0.19 ± 0.281 7.66 ± 0.274 3.43 ± 0.009

3.6

1 94.66 ± 0.311 6.86 ± 0.491 3.31 ± 0.158 0.5 ± 0.238 7.7 ± 0.265 2.1 ± 0.022 72.34 ± 0.218 4.56 ± 0.065 2.13 ± 0.161 0.27 ± 0.266 5 ± 0.305 3.28 ± 0.042
2 85.55 ± 0.454 7.38 ± 0.066 3.06 ± 0.16 0.42 ± 0.28 5.7 ± 0.271 1.19 ± 0.028 70.89 ± 0.485 4.46 ± 0.413 1.67 ± 0.162 0.26 ± 0.276 8.68 ± 0.321 3.4 ± 0.037
3 100.39 ± 0.318 5.61 ± 0.448 3.09 ± 0.138 0.4 ± 0.217 9.8 ± 0.286 1.58 ± 0.032 67.51 ± 0.528 4.42 ± 0.117 1.45 ± 0.16 0.24 ± 0.264 7.14 ± 0.285 3.01 ± 0.028
4 98.08 ± 0.216 6.84 ± 0.133 3.08 ± 0.167 0.36 ± 0.261 9.8 ± 0.292 1.65 ± 0.014 74.64 ± 0.396 4.22 ± 0.026 1.4 ± 0.166 0.24 ± 0.237 7.3 ± 0.308 2.88 ± 0.022
5 89.67 ± 0.362 6.54 ± 0.135 3.11 ± 0.154 0.56 ± 0.244 13.77 ± 0.293 1.69 ± 0.017 71.35 ± 0.006 4.67 ± 0.46 1.76 ± 0.16 0.23 ± 0.312 8.95 ± 0.311 3.29 ± 0.008
6 78.1 ± 0.392 5.12 ± 0.045 2.77 ± 0.152 0.44 ± 0.243 7.45 ± 0.167 1.6 ± 0.041 75.33 ± 0.334 3.75 ± 0.062 1.35 ± 0.164 0.2 ± 0.273 8.62 ± 0.261 3.19 ± 0.006
7 82.77 ± 0.301 5.21 ± 0.012 2.26 ± 0.191 0.59 ± 0.306 11.08 ± 0.314 2.73 ± 0.033 76.39 ± 0.017 4.45 ± 0.4 1.4 ± 0.156 0.18 ± 0.26 6.82 ± 0.305 3.52 ± 0.028
8 100.47 ± 0.442 6.48 ± 0.023 2.17 ± 0.157 0.58 ± 0.268 11.42 ± 0.307 3.64 ± 0.045 66.97 ± 0.588 4.33 ± 0.119 1.28 ± 0.181 0.18 ± 0.282 9.36 ± 0.176 3.67 ± 0.007
9 98.87 ± 0.379 6.47 ± 0.061 2.79 ± 0.161 0.34 ± 0.298 11.22 ± 0.305 2.77 ± 0.033 73.06 ± 0.37 4.45 ± 1.413 1.46 ± 0.171 0.16 ± 0.274 8.01 ± 0.268 2.82 ± 0.042

10 84.83 ± 0.218 5.88 ± 0.139 2.59 ± 0.177 0.23 ± 0.293 6.37 ± 0.295 2.86 ± 0.018 74.2 ± 0.558 4.44 ± 0.045 1.63 ± 0.194 0.19 ± 0.275 8.07 ± 0.292 3.32 ± 0.017
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Groups
Exposure

Concentra-
tion (mg/kg)

Exposure
Time (day)

Head of Earthwom Tail of Earthworm

CAT
(U/mg prot)

SOD
(U/mg prot)

POD
(U/mg prot)

MDA
(nmol/mg

prot)

GST
(U/mg prot)

GPX
(U/mg prot)

CAT
(U/mg prot)

SOD
(U/mg prot)

POD
(U/mg prot)

MDA
(nmol/mg

prot)

GST
(U/mg prot)

GPX
(U/mg prot)

Short
term

36

1 106.99 ± 0.184 7.78 ± 0.037 3.47 ± 0.032 0.56 ± 0.028 8.61 ± 0.316 2.52 ± 0.032 80.2 ± 0.387 5.43 ± 0.012 2.2 ± 0.16 0.31 ± 0.278 5.55 ± 0.283 3.84 ± 0.051
2 96.08 ± 0.123 8.46 ± 0.066 3.19 ± 0.031 0.47 ± 0.031 6.34 ± 0.298 1.43 ± 0.046 80.31 ± 0.192 5.27 ± 0.023 1.72 ± 0.18 0.29 ± 0.218 9.62 ± 0.28 3.97 ± 0.032
3 113.36 ± 0.444 6.42 ± 0.015 3.14 ± 0.032 0.46 ± 0.029 10.9 ± 0.34 1.9 ± 0.061 76.41 ± 0.364 5.36 ± 0.068 1.49 ± 0.16 0.28 ± 0.236 7.87 ± 0.298 3.52 ± 0.008
4 109.37 ± 0.021 7.61 ± 0.161 3.13 ± 0.03 0.4 ± 0.027 10.93 ± 0.268 1.97 ± 0.033 84.69 ± 0.385 5.08 ± 0.139 1.44 ± 0.172 0.28 ± 0.25 8.06 ± 0.27 3.37 ± 0.02
5 99.73 ± 0.012 7.51 ± 0.028 3.16 ± 0.031 0.64 ± 0.028 15.33 ± 0.267 2.04 ± 0.034 81.06 ± 0.346 5.31 ± 0.449 1.81 ± 0.16 0.27 ± 0.226 9.86 ± 0.258 3.81 ± 0.031
6 87.18 ± 0.338 5.81 ± 0.009 2.79 ± 0.033 0.49 ± 0.029 8.27 ± 0.289 1.94 ± 0.036 85.14 ± 0.005 4.47 ± 0.861 1.39 ± 0.161 0.23 ± 0.259 9.52 ± 0.304 3.69 ± 0.011
7 91.8 ± 0.124 5.85 ± 0.074 2.29 ± 0.03 0.69 ± 0.027 12.34 ± 0.285 3.28 ± 0.042 86.31 ± 0.286 5.29 ± 0.026 1.44 ± 0.158 0.22 ± 0.255 7.52 ± 0.242 4.09 ± 0.027
8 111.86 ± 0.102 7.39 ± 0.078 2.29 ± 0.033 0.68 ± 0.03 12.76 ± 0.286 4.4 ± 0.025 76.73 ± 0.015 5.18 ± 0.51 1.33 ± 0.157 0.22 ± 0.265 10.32 ± 0.218 4.27 ± 0.043
9 110.11 ± 0.319 7.25 ± 0.02 2.93 ± 0.031 0.41 ± 0.029 12.56 ± 0.301 3.34 ± 0.04 83.72 ± 0.482 5.34 ± 0.065 1.51 ± 0.18 0.19 ± 0.261 8.79 ± 0.28 3.29 ± 0.05
10 93.89 ± 0.071 6.67 ± 0.003 2.75 ± 0.031 0.27 ± 0.029 7.16 ± 0.326 3.45 ± 0.028 84.62 ± 0.722 5.26 ± 0.455 1.68 ± 0.184 0.22 ± 0.272 8.85 ± 0.248 3.86 ± 0.026

72

1 103.01 ± 0.383 6.79 ± 0.43 3.79 ± 0.156 0.61 ± 0.242 9.36 ± 0.299 2.77 ± 0.028 73.06 ± 0.225 4.8 ± 0.038 2.39 ± 0.187 0.32 ± 0.289 5.95 ± 0.241 4.18 ± 0.035
2 92.81 ± 0.342 7.37 ± 0.721 3.47 ± 0.122 0.5 ± 0.211 6.88 ± 0.309 1.57 ± 0.03 73.04 ± 0.351 4.68 ± 0.189 1.87 ± 0.184 0.31 ± 0.284 10.31 ± 0.24 4.33 ± 0.06
3 109.7 ± 0.336 5.6 ± 0.027 3.43 ± 0.148 0.49 ± 0.274 11.84 ± 0.281 2.09 ± 0.009 69.82 ± 0.321 4.74 ± 0.077 1.62 ± 0.182 0.29 ± 0.331 8.43 ± 0.277 3.84 ± 0.029
4 107.01 ± 0.005 6.67 ± 0.044 3.41 ± 0.155 0.43 ± 0.247 11.84 ± 0.301 2.16 ± 0.033 77.03 ± 0.505 4.54 ± 0.074 1.57 ± 0.219 0.29 ± 0.327 8.64 ± 0.262 3.68 ± 0.048
5 97 ± 0.263 6.61 ± 0.01 3.48 ± 0.151 0.69 ± 0.239 16.57 ± 0.268 2.23 ± 0.016 73.78 ± 0.547 4.72 ± 0.399 1.97 ± 0.208 0.28 ± 0.338 10.55 ± 0.25 4.18 ± 0.039
6 84.97 ± 0.014 5.11 ± 0.022 3.13 ± 0.161 0.52 ± 0.265 8.96 ± 0.277 2.12 ± 0.011 77.57 ± 0.388 3.99 ± 0.439 1.51 ± 0.21 0.24 ± 0.327 10.15 ± 0.171 4.06 ± 0.035
7 89.32 ± 0.491 5.14 ± 0.062 2.6 ± 0.146 0.74 ± 0.318 13.34 ± 0.291 3.6 ± 0.048 78.59 ± 0.481 4.74 ± 0.332 1.56 ± 0.219 0.23 ± 0.319 7.96 ± 0.241 4.48 ± 0.052
8 108.71 ± 0.747 6.49 ± 0.142 2.54 ± 0.18 0.73 ± 0.287 13.76 ± 0.175 4.83 ± 0.026 68.91 ± 0.169 4.65 ± 0.549 1.43 ± 0.214 0.23 ± 0.309 11 ± 0.307 4.66 ± 0.028
9 106.57 ± 0.5 6.43 ± 0.395 3.19 ± 0.173 0.44 ± 0.295 13.54 ± 0.304 3.66 ± 0.035 75.23 ± 0.532 4.77 ± 0.061 1.63 ± 0.193 0.2 ± 0.341 9.38 ± 0.263 3.6 ± 0.055

10 91.11 ± 0.592 5.89 ± 0.81 3.04 ± 0.185 0.29 ± 0.256 7.65 ± 0.296 3.78 ± 0.032 76.03 ± 0.629 4.69 ± 0.502 1.82 ± 0.21 0.23 ± 0.324 9.42 ± 0.289 4.24 ± 0.066

Long-
term

0.0
10 53.86 ± 0.053 3.92 ± 0.066 1.90 ± 0.026 0.23 ± 0.044 9.62 ± 0.028 1.56 ± 0.023 65.42 ± 0.014 3.56 ± 0.052 1.56 ± 0.014 0.15 ± 0.027 7.82 ± 0.004 2.7 ± 0.014
20 52.99 ± 0.020 4.60 ± 0.067 2.27 ± 0.038 0.41 ± 0.035 10.34 ± 0.039 3.30 ± 0.02 60.60 ± 0.006 2.85 ± 0.029 1.14 ± 0.022 0.20 ± 0.003 7.67 ± 0.003 2.12 ± 0.02
30 60.89 ± 0.043 4.17 ± 0.028 1.98 ± 0.019 0.45 ± 0.012 5.00 ± 0.021 6.67 ± 0.039 57.07 ± 0.067 3.13 ± 0.104 1.46 ± 0.038 0.21 ± 0.036 8.17 ± 0.012 2.12 ± 0.016

0.036
10 60.44 ± 0.371 4.34 ± 0.044 2.44 ± 0.155 0.29 ± 0.292 11 ± 0.313 2.03 ± 0.023 71.48 ± 0.515 3.96 ± 0.058 1.87 ± 0.099 0.18 ± 0.241 8.73 ± 0.356 3.38 ± 0.037
20 57.93 ± 0.166 5.23 ± 0.009 2.97 ± 0.103 0.51 ± 0.226 12.23 ± 0.268 4.36 ± 0.011 70.42 ± 0.215 3.24 ± 0.031 1.36 ± 0.111 0.24 ± 0.288 8.69 ± 0.333 2.72 ± 0.011
30 65.07 ± 0.305 4.91 ± 0.022 2.6 ± 0.116 0.56 ± 0.212 6.01 ± 0.302 8.93 ± 0.053 59.52 ± 0.365 3.6 ± 0.5 1.85 ± 0.15 0.25 ± 0.372 9.34 ± 0.517 2.79 ± 0.02

0.36
10 64.35 ± 0.368 4.93 ± 0.057 2.2 ± 0.143 0.27 ± 0.237 11.41 ± 0.252 1.88 ± 0.038 77.05 ± 0.012 4.41 ± 0.022 1.73 ± 0.133 0.17 ± 0.271 8.94 ± 0.253 3.15 ± 0.025
20 59.93 ± 0.317 5.85 ± 0.12 2.67 ± 0.126 0.46 ± 0.249 12.61 ± 0.274 4.08 ± 0.032 70.1 ± 0.436 3.54 ± 0.411 1.3 ± 0.116 0.22 ± 0.288 9.01 ± 0.241 2.53 ± 0.033
30 65.31 ± 0.005 5.28 ± 0.413 2.3 ± 0.141 0.5 ± 0.233 6.2 ± 0.26 8.5 ± 0.019 64.1 ± 0.542 3.91 ± 0.052 1.66 ± 0.137 0.22 ± 0.241 9.78 ± 0.277 2.6 ± 0.032

3.6
10 70.35 ± 0.366 6.08 ± 0.041 2.39 ± 0.15 0.26 ± 0.353 11.8 ± 0.336 1.82 ± 0.027 81.54 ± 0.214 4.76 ± 0.027 1.86 ± 0.159 0.17 ± 0.246 9.25 ± 0.309 3.07 ± 0.011
20 66.98 ± 0.17 6.97 ± 0.01 2.79 ± 0.098 0.45 ± 0.281 13.12 ± 0.326 3.95 ± 0.012 73.31 ± 0.389 3.85 ± 0.47 1.39 ± 0.193 0.22 ± 0.324 9.32 ± 0.467 2.47 ± 0.021
30 73.53 ± 0.312 6.48 ± 0.02 2.5 ± 0.112 0.48 ± 0.294 6.54 ± 0.361 8.19 ± 0.059 67.34 ± 0.412 4.34 ± 0.07 1.81 ± 0.21 0.22 ± 0.298 10.05 ± 0.306 2.53 ± 0.037

36
10 77.86 ± 0.487 6.72 ± 0.055 2.53 ± 0.136 0.31 ± 0.277 13.13 ± 0.258 2.19 ± 0.037 92.39 ± 0.363 5.88 ± 0.445 1.96 ± 0.176 0.2 ± 0.304 10.4 ± 0.256 3.58 ± 0.025
20 73.32 ± 0.344 8.06 ± 0.115 3.02 ± 0.115 0.57 ± 0.304 14.4 ± 0.278 4.77 ± 0.038 83.48 ± 0.006 4.78 ± 0.132 1.48 ± 0.179 0.27 ± 0.287 10.39 ± 0.265 2.9 ± 0.058
30 80.84 ± 0.005 7.38 ± 0.395 2.68 ± 0.138 0.63 ± 0.3 7.05 ± 0.309 9.86 ± 0.023 76.54 ± 0.298 5.31 ± 0.133 1.92 ± 0.166 0.28 ± 0.248 11.34 ± 0.289 2.97 ± 0.033

72
10 75.56 ± 0.268 6.29 ± 0.021 2.77 ± 0.14 0.33 ± 0.284 14.22 ± 0.249 2.35 ± 0.037 85.01 ± 0.307 5.41 ± 0.506 2.11 ± 0.161 0.21 ± 0.278 11.09 ± 0.272 3.94 ± 0.055
20 72.85 ± 0.011 7.53 ± 0.018 3.36 ± 0.117 0.59 ± 0.304 15.39 ± 0.311 5.09 ± 0.03 76.48 ± 0.448 4.42 ± 0.061 1.58 ± 0.179 0.28 ± 0.346 11.04 ± 0.296 3.2 ± 0.042
30 79.91 ± 0.411 6.9 ± 0.427 2.99 ± 0.113 0.65 ± 0.343 7.64 ± 0.366 10.49 ± 0.041 69.94 ± 0.358 4.96 ± 0.431 2.06 ± 0.171 0.3 ± 0.285 12 ± 0.264 3.26 ± 0.033

Abbreviations: CAT, catalase activity; SOD, superoxide dismutase activity; POD, peroxidase activity; MDA, malondialdehyde content; GST, glutathione S-transferase activity; GPX,
glutathione peroxidase activity.
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Appendix B. Assumption Test of Variance Analysis

Groups Tissue
Exposure
Time
(day)

Indices

CAT SOD POD MDA GST GPX

Shapiro–
Wilk Sig. Shapiro–

Wilk Sig. Shapiro–
Wilk Sig. Shapiro–

Wilk Sig. Shapiro–
Wilk Sig. Shapiro–

Wilk Sig.

Short-
term

Head

1 0.936 0.641 0.958 0.797 0.896 0.388 0.864 0.244 0.929 0.587 0.941 0.674
2 0.938 0.655 0.958 0.797 0.896 0.387 0.884 0.326 0.925 0.562 0.940 0.665
3 0.936 0.636 0.954 0.766 0.913 0.488 0.916 0.506 0.922 0.543 0.938 0.649
4 0.927 0.575 0.956 0.778 0.941 0.673 0.909 0.461 0.922 0.543 0.938 0.652
5 0.934 0.625 0.957 0.787 0.919 0.526 0.939 0.658 0.922 0.541 0.948 0.721
6 0.936 0.639 0.962 0.819 0.824 0.126 0.888 0.347 0.931 0.606 0.948 0.726
7 0.938 0.651 0.951 0.744 0.818 0.112 0.967 0.853 0.932 0.608 0.955 0.773
8 0.935 0.63 0.956 0.778 0.934 0.621 0.971 0.884 0.927 0.576 0.955 0.773
9 0.945 0.703 0.954 0.762 0.972 0.888 0.958 0.793 0.920 0.530 0.944 0.696
10 0.946 0.707 0.948 0.720 0.951 0.745 0.954 0.768 0.925 0.563 0.946 0.705

Levene statistic
Sig. 1.000 1.000 0.999 0.998 1.000 1.000

Tail

1 0.984 0.955 0.987 0.969 0.912 0.479 0.898 0.399 0.912 0.479 0.957 0.79
2 0.985 0.959 0.987 0.969 0.919 0.524 0.886 0.338 0.919 0.524 0.96 0.807
3 0.989 0.977 0.982 0.945 0.92 0.53 0.914 0.491 0.92 0.53 0.959 0.798
4 0.985 0.961 0.979 0.93 0.913 0.489 0.923 0.55 0.913 0.489 0.957 0.787
5 0.984 0.955 0.989 0.974 0.909 0.464 0.9 0.412 0.909 0.464 0.953 0.756
6 0.984 0.957 0.965 0.843 0.907 0.452 0.918 0.517 0.907 0.452 0.952 0.75
7 0.988 0.973 0.984 0.954 0.905 0.438 0.925 0.566 0.904 0.434 0.963 0.826
8 0.978 0.924 0.995 0.994 0.908 0.456 0.925 0.565 0.908 0.457 0.961 0.815
9 0.974 0.899 0.994 0.991 0.927 0.578 0.93 0.597 0.927 0.578 0.954 0.767
10 0.99 0.978 0.993 0.988 0.928 0.582 0.922 0.545 0.928 0.582 0.956 0.783

Levene statistic
Sig. 1.000 1.000 1.000 0.999 1.000 1.000

Long-
term

Head
10 0.946 0.707 0.92 0.528 0.979 0.93 0.931 0.601 0.919 0.52 0.955 0.772
20 0.876 0.293 0.951 0.748 0.958 0.795 0.899 0.403 0.926 0.569 0.942 0.679
30 0.847 0.187 0.924 0.555 0.976 0.912 0.907 0.45 0.944 0.694 0.936 0.637

Levene statistic
Sig. 0.970 0.998 0.976 0.741 0.959 0.982

Tail
10 0.996 0.997 0.973 0.897 0.892 0.367 0.942 0.681 0.892 0.367 0.947 0.713
20 0.881 0.315 0.96 0.809 0.918 0.519 0.922 0.543 0.918 0.519 0.934 0.624
30 0.993 0.99 0.956 0.779 0.915 0.498 0.918 0.516 0.915 0.498 0.946 0.711

Levene statistic
Sig. 0.885 0.985 0.969 0.651 0.969 0.974

Abbreviations: CAT, catalase activity; SOD, superoxide dismutase activity; POD, peroxidase activity; MDA,
malondialdehyde content; GST, glutathione S-transferase activity; GPX, glutathione peroxidase activity.

Appendix C. Analysis of Variance of Enzyme Activity in Earthworms under Oxytetracycline Stress

Groups Tissue Indices

Exposure Time Exposure Concentration

III-Sums of
Squares df Mean

Square F Value Sig.
III-Sums

of
Squares

df Mean
Square F Value Sig.

Short-term

Head

CAT 276.291 9 30.699 71.575 0 8006.848 4 2001.712 4667.032 0
SOD 88.5 9 9.833 12.906 0 24,969.136 4 6242.284 8192.754 0
POD 67.193 9 7.466 2.075 0.059 2890.796 4 722.699 200.86 0
MDA 18.582 9 2.065 0.805 0.614 4775.662 4 1193.915 465.762 0
GST 64.359 9 7.151 66.613 0 8033.661 4 2008.415 18,708.515 0
GPX 77.665 9 8.629 58.385 0 8727.362 4 2181.841 14,761.86 0

Tail

CAT 52.925 9 5.881 9.017 0 5575.229 4 1393.807 2137.276 0
SOD 81.531 9 9.059 4.776 0 14,755.069 4 3688.767 1944.855 0
POD 72.12 9 8.013 83.078 0 6009.643 4 1502.411 15,576.324 0
MDA 1.421 9 0.158 0.173 0.996 4604.688 4 1151.172 1259.084 0
GST 71.396 9 7.933 72.262 0 5992.903 4 1498.226 13,647.709 0
GPX 63.105 9 7.012 85.863 0 5926.588 4 1481.647 18,143.678 0

Long-term

Head

CAT 233.639 2 116.819 54.512 0 2074.226 4 518.557 241.975 0
SOD 38.37 2 19.185 5.291 0.034 7733.931 4 1933.483 533.269 0
POD 15.618 2 7.809 4.042 0.061 1666.204 4 416.551 215.579 0
MDA 8.807 2 4.404 0.804 0.481 2827.165 4 706.791 128.969 0
GST 81.381 2 40.69 51.058 0 2108.08 4 527.02 661.302 0
GPX 111.788 2 55.894 118.74 0 2449.679 4 612.42 1301.009 0

Tail

CAT 112.099 2 56.049 9.15 0.009 1369.05 4 342.263 55.874 0
SOD 51.341 2 25.671 22.514 0.001 5888.623 4 1472.156 1291.149 0
POD 55.665 2 27.833 61.302 0 2082.227 4 520.557 1146.533 0
MDA 4.862 2 2.431 0.399 0.684 2429.834 4 607.458 99.598 0
GST 55.617 2 27.809 61.235 0 2082.586 4 520.646 1146.479 0
GPX 105.175 2 52.587 121.865 0 2228.599 4 557.15 1291.128 0

Abbreviations: CAT, catalase activity; SOD, superoxide dismutase activity; POD, peroxidase activity; MDA,
malondialdehyde content; GST, glutathione S-transferase activity; GPX, glutathione peroxidase activity.
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Appendix D. The Concentration of Oxytetracycline Concentration Detected by High-Performance Liquid
Chromatography

Experimental Setting Concentration
(mg/kg)

Oxytetracycline Concentration in Soil
(mg/kg)

Oxytetracycline Concentration in
Earthworm

(mg/kg)

0.036 0.03

<0.01
0.36 0.32
3.6 3.19
36 32.58
72 65.52

Appendix E. EC50 Data of Q

Groups Exposure
Time (day)

EC 50 of Q (mg/kg)

Head Tail

Short-term

1 23.510 81.953
2 24.719 107.282
3 24.561 124.815
4 20.778 105.317
5 22.753 76.976
6 21.503 94.562
7 20.330 92.127
8 22.602 88.409
9 22.420 75.166

10 22.498 65.412

Long-term
10 22.983 67.360
20 22.620 66.252
30 20.387 51.661
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